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ABSTRACT
Certain organisms living in cold regions have adapted different strategies to survive in harshly
cold temperatures. Some of them use freeze-avoiding strategies in which they can prevent freezing
by controlling the concentration of sugars (et. sucrose, trehalose) or polyols (glycerol), regulation
of the ice nucleator, and dehydration. Other organisms have adapted to this extremely cold
condition by producing antifreeze (gly)proteins (AF(G)Ps) which exhibit ice recrystallization
inhibition (IRI), thermal hysteresis activity (THA), and dynamic ice crystal shaping. These
proteins discovered in Antarctic fish in 1960 for the first time have been reported in bacteria, fungi,
insects, and plants. AF(G)Ps and their synthetic biomimetics have received increasing attention as
potential candidates for various industrial and bio-medical applications. Promising results from
vitrification and other protocols using antifreeze agents with ice recrystallization inhibition activity
have widely been reported in biopreservation. Conversely, understanding of the antifreezing
process caused by these macromolecules remains under challenge. This is due to the
multifunctional nature of the freezing process and antifreeze macromolecule’s behavior which
brings complexity in designing the synthetic antifreeze structures. In addition, the cost, low
availability, toxicity at higher concentrations, and instability beside several other drawbacks make
their large-scale production challenging. Although several synthetic attempts for the exploitation
of AFPs have been studied in the past, challenges remain in the synthetic design of AFP analogs.
On the other hand, poly (vinyl alcohol) (PVA) with simple structure has been reported with potent
IRI activity as a good candidate for large-scale production and applications.
Our group has explored structural variations to polyol-based polymers to contrast with PVA as a
control and identified several key structural elements for performance in IRI, THA, as well as in
ice nucleation inhibition (INI). These structural features are bioinspired by the typical ice-binding
plane of AFPs yet are surprisingly simple to produce with potency approaching that of typical
AFPs. Key to the performance is positioning small organic functionalities with known antifreeze
properties (glycerol) pendent to a host polymer chain with consideration of their conformational
freedom. To build systematic variations into both the backbone and side-chain structures, we used
poly (vinyl alcohol), poly (isopropenyl acetate), poly (acrylic acid), and poly(methacrylic acid)
xv

parent polymers for such pendent modifications. One structure in particular, glycerol-grafted-PVA
(G-g-PVA), shows potency rivaling that of AFPs at similar micromolar concentration. The
findings in this study help guide the rational design of synthetic antifreeze polymers useful for
applications such as anti-icing coatings through to cryopreservation methods for organ transport
and cell preservation.
While AFPs are well-known for their ice nucleation and recrystallization inhibition activity along
with controlling the ice crystal morphology, the contrasting behavior of ice nucleation promotion
by AFPs and its key contribution to the whole antifreezing process also seems necessary to explore
in this context. Here, silver iodide (AgI) has been used as an ice nucleator in different polymer
solutions in ultra-pure water (UPW) to imitate the ice nucleation process by AFPs. PVA prepared
by RAFT polymerization and our glycerol grafted derivative (G-g-PVA), now shown to be the
most IRI active polymer to date, was investigated for its ice nucleation and recrystallization
activity in AgI dispersion media. The results showed that the ice nucleation rate and temperature
was significantly changed by adding the AgI dispersion in PVA and G-g-PVA solutions. The
polymer solution in UPW containing AgI dispersion showed significant improvement in IRI
activity compared the same polymer in PBS buffer solution. Our results demonstrate the
considerable contribution of the ice nucleator in ice nucleation rate and temperature which
enhances IRI activity of synthetic antifreeze polymers. These finding both aid our understanding
of the ice nucleation promotion impact on synthetic polymers IRI activity along with engineering
biomimetics for biomedical and industrial applications.
Next, we focused our efforts to transfer these functionalities and performance to the solid-state
interface with water. Aqueous dispersions of polymeric colloidal particles served as this substrate
and were functionalized with either PVA or G-g-PVA grafted to their surfaces to contrast with
performance of the same polymers strictly in the solution state. These functionalized colloids also
can be applied as a continuous coating through latex film formation to assess anti-icing and iceadhesion properties. While these systems also showed encouraging and potent activity, their
performance was not enhanced compared to that of the solution state systems. This may have
implications for fully solid-state anti-icing coatings, yet our attention then shifted from this scope
of work to new funding which required again a solution state approach.

xvi

In this final application, we explored PVA and G-g-PVA synthesized in our lab for their
biopreservation aspects especially for red blood cell (RBC) cryopreservation at -80 °C. Our results
again confirmed G-g-PVA to be an excellent candidate for cryopreservation and quite likely for
organ cryopreservation. Using this polymer in solution as a cryoprotectant for RBCs showed
significant improvement to controls, preventing hemolysis (cell rupture) along with eliminating
other drawbacks that have been observed when using small molecule cryoprotective agents like
glycerol, dimethyl sulfoxide (DMSO), etc.; especially with regard to the ability to fully remove all
traces of the cryoprotectant after cryopreservation storage and thawing.
In summary, the studies in this dissertation provide critical insights and approaches for the
understanding of the freezing process and ideas that can help understand relevant mechanisms of
influencing key freezing steps that have not yet been fully understood. In addition, it provides
guidelines to synthesize G-g-PVA, currently the most potent active polymer in terms of IRI and
THA shown useful for several high impact applications. In particular, this research provides
valuable data and experimental conditions to understand the IRI mechanism to use in engineering
next generation highly efficient antifreeze systems.
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CHAPTER 1: Introduction

1.1 Motivation
Water is a universally essential material for creatures on earth and it usually undergoes a phase
transition to ice at the equilibrium freezing point of 0 °C. Nevertheless, this phenomenon creates
several challenges for organisms living at subzero temperature. In addition, it usually degenerates
the properties of materials when they are exposed to freezing temperature [1]. Nature has
developed molecules that specifically prevent the formation and growth of ice crystals and
therefore protect living organisms against freezing damage [2]. Antifreeze, ice-binding and icenucleating macromolecules have been discovered in various organisms such as fish, insects and
plants, which could survive at subfreezing environments [3].

Figure 1.1: a) Several living organisms existing in cold regions can develop Antifreeze (glyco)
proteins. b) AF(G)Ps found in organisms show different shape and structure [4].
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This property is essential under different freezing conditions for a diverse real-life environment.
The formation of ice and frost on surfaces can also be inconvenient in our daily life because of
negative impacts on food preservation and many industrial processes [5, 6]. The ice formation on
solid surfaces has complex and various processes, which makes it challenging to prepare an icephobic material [7]. The volume expansion of water during ice formation can be destructive to
engineering materials, such as concrete and asphalt, or can cause considerable and high-cost
problems in biomedical fields such as cryogenic preservation of cells, blood and organs and
cryosurgery [8]. Therefore, the ability to inhibition or control ice formation or growth has
extensive importance in diverse technological fields including aerospace, green energy,
automotive, and biology, in particular cellular cryopreservation; the storage of cells/tissues at
subzero temperatures, which covers many areas of modern biomedicine, clinical medicine, and
basic biology [3].

Figure 1.2: Ice crystal growth can damage cells and tissue which is the main issue in
cryopreservation industry. (Source: https://oleaeuropea.wordpress.com - https://www.pda.org)
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Today, for this purpose, low molecular weight small molecules that have cryoprotective properties
are used in large volumes. These compounds slow the freezing process allowing vitrification. For
example, glycerol or ethylene glycol can significantly decrease the freezing point of water, and
therefore such solutions are usually used in nontoxic antifreeze [9].
Antifreeze (glyco) proteins, (AF(G)Ps) are ice binding proteins which have multiple macroscopic
effects on ice crystal growth and have been found to improve cryopreservation outcomes and lowtemperature applications [10, 11]. These natural proteins, affect the morphology of ice crystals and
prevent ice recrystallization, two properties that make them highly interesting for food and tissue
cryopreservation [12, 13]. These proteins prevent the growth or cause the nucleation of ice. It has
been suggested that both hydrophobic and hydrogen bonding interactions together bring the
recognition and binding of molecules to ice [14].
AF(G)Ps have three main macroscopic effects including ice recrystallization (growth) inhibition
(IRI), dynamic ice shaping (DIS) and non-colligative depression of the freezing point leading to a
thermal hysteresis (TH) gap [15]. It is reported that these anti-freeze properties are achieved
through tuning the structure, mobility, and amount of interfacial water, which respectively control
ice nucleation, growth, and adhesion [7].
There is considerable penchant for the applying of these proteins for low temperature usages from
aeronautical engineering to wind turbines and for the cryopreservation of donor cells and tissues
[16]. For these purposes, the AF(G)Ps need to produce scalable and, also, some methods require
to accommodate them into more complex devices or coatings.
However, obtaining these AF(G)Ps from natural sources or directly synthesis of them is often not
economical [17]. In addition, these proteins could potentially be toxic/immunogenic. Moreover,
their secondary effect of dynamic ice shaping (DIS) can lead to forming needle-like ice crystals
which penetrate cell membranes. Therefore, numerous synthetic materials such as hydroxyethyl
starch (HES), poly(vinyl alcohol), peptides, oligosaccharides, simple carbohydrates, etc. that
mimic AF(G)Ps have been investigated for cryopreservation applications [18].
Water freezing and mechanical damage by ice crystal growth are major challenges for
biopreservation and cellular cryopreservation. Cell storage at room temperature with constant
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agitation limits their shelf life to a few days and during the past huge demand has been reported to
extend product shelf life relevant to biological and medical applications [19].

1.2 Thesis Overview
The purpose of this thesis is to explore the insight into the development of bioinspired antifreeze
polymers with comparable activity to AFPs for industrial and biomedical applications. The focus
of the study is to explore AFPs and small antifreeze molecule’s structure and apply it to design
and synthesis of antifreeze polymers with a simple structure and ease of scale-up. These polymers
will solve the issues reported in applying AF(G)Ps for industrial and biomedical application such
as, the cost, low availability, cytotoxicity, and instability in the solution. Among several polymer
structures, PVA has been reported as a great synthetic polymer with simple structure, easy to
synthesize and comparable ice recrystallization inhibition activity to AFPs. However, the IRI
mechanism by PVA has not been fully understood and presented hypotheses remain under debate.
In this thesis, structural variations to polyol-based polymers to contrast with PVA as a control have
been explored and several key structural elements for performance in IRI, THA,
as well as in ice nucleation inhibition (INI) have been identified. These structural features are
bioinspired by the typical ice-binding plane of AFPs yet are surprisingly simple to produce with
potency approaching that of typical AFPs. Key to the performance is positioning small organic
functionalities with known antifreeze properties (such as ethylene glycol) pendent to a host
polymer chain with consideration of their conformational freedom.
To build systematic variations into both the backbone and side-chain structures, we used
poly(vinyl alcohol), poly (isopropenyl acetate), poly (acrylic acid), and poly(methacrylic acid)
parent polymers for such pendent modifications. One structure in particular, glycerol-grafted-PVA
(G-g-PVA), shows potency rivaling that of AFPs at similar micromolar concentration.
Upon the determination of most active polymer structure in IRI and THA, this polymer used for
other studies to help understand some of the freezing mechanisms happening in organisms living
in cold regions. G-g-PVA and PVA have also been used in combination with AgI to explore the
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ice nucleation promotion impact on IRI activity. At the same time, this study will help to
understand the contrasting behavior of ice nucleation promotion by some type of AFPs found in
insects (Tenebrio molitor (TmAFP)), bacteria (P. syringae), and Arctic fish (Type-III AFP).
Herein, multivalent hybrid polymer coated latex nanoparticles were prepared to mimic antifreeze
protein activity in solution. Polymeric colloidal nanoparticles functionalized with PVA and G-gPVA to contrast their performance to that of the solution state to study the macromolecules
mobility importance for antifreezing activity. These functionalized colloids also can be applied to
a continuous coating through latex film formation to assess anti-icing and ice-adhesion properties.
Lastly, the synthesized polymers were studied for red blood cell (RBC) cryopreservation at -80
°C. Small molecules used as a cryoprotectant typically require higher concentration of cellpermeating cryoprotectants such as dimethyl sulfoxide (DMSO) to achieve high cell recovery.
However, these solvents are toxic and the challenge of removing them to trace amounts prior to
transplantation or transfusion remains a large challenge for clinical applications. Our studies
showed highly promising results for RBC cryopreservation using G-g-PVA as a cryoprotectant
agent at lower concentrations compared to PVA and other conventional cryoprotectants. To the
best of our knowledge, this is the first synthetic polymer structure applied for RBC
cryopreservation without the need for any toxic organic solvent with higher recovery percent.

1.3 Thesis Outline

This thesis presents the design, synthesis, and application of bioinspired antifreeze polymers for
antifreeze coatings and cryopreservation. A major part of this thesis focuses on studying the water
freezing process in the presence of polymers to help understand the ice recrystallization and
thermal hysteresis mechanisms beside exploration of the clinical applications. Antifreeze polymers
introduced in this study showed promising and record performance in IRI and THA. The
experimental conditions developed in this study provided several useful design principles to apply
towards designing even more efficient antifreeze systems in the future. The results from several
projects are divided into five chapters.

5

Chapter 2 describes the development of bioinspired antifreeze polymer by studying AFPs and
antifreeze small molecule solvent structure. In this part of the thesis, several polymeric structures
were designed and synthesized, and their antifreeze activity tested using a variety of key assays.
Chapter 3 presents a theoretical study to explore AFP behavior in organisms from a different
perspective to help understand the role of the ice nucleation mechanism and its relationship with
IRI activity.
Chapter 4 describes antifreeze polymer synthesis using RAFT polymerization and modification
to the surface of latex nanoparticles synthesized through emulsion polymerization to graft such
functional polymers to that solid-state interface with water. Here, this study focused on
macromolecule’s dimensional impact on IRI activity.
Chapter 5 presents results from preliminary data in red blood cell cryopreservation (in
collaboration with Harvard Medical and Massachusetts General Hospital research labs) using the
polymers synthesized in Chapter 2 and 3 (with and without glycerol as a common cryoprotective
agent). This chapter discusses the reasons for RBC cryopreservation and certain challenges with
current standard method and antifreeze solvents.
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CHAPTER 2: Insights into Design of Biomimetic Glycerol-Grafted Polyol-Based
Polymers for Ice Nucleation/Recrystallization Inhibition and Thermal
Hysteresis Activity

2.1 Introduction
Ice formation is a global issue that poses serious challenges for many fields including, for example,
transportation, architectural industries, bioscience, cryopreservation and food science [20, 21].
Biological antifreezes (AFs) are peptide-based compounds that protect organisms inhabiting in
subfreezing conditions against cryoinjury [22]. AFs are applied in the medical sector for blood,
cell and tissue cryopreservation, in the food industry for shelf-life, as additives in paint and varnish
to protect surfaces, or as hydrate inhibitors to avoid the formation of plugs in oil and gas pipelines
[23, 24]. The antifreeze activity is associated with protein−ice interactions derived from some
combination of four main processes: ice nucleation inhibition (INI), ice recrystallization inhibition
(IRI), thermal hysteresis activity (THA), and dynamic ice shaping (DIS) [10]. However, the cost,
low availability, potentially immunogenic and cytotoxicity, and instability of these compounds
make their large-scale production and use in industrial applications challenging. To address this,
simplified synthetic substitutes for antifreeze proteins (AFPs) and/or antifreeze glycoproteins
(AF(G)Ps) have been developed [8], [20, 21], and even with progress made to date there remains
opportunity for high impact and improvement. Polymer mimetics have the advantage of being
scalable and with a much more forgiving composition and tunable architecture[10]. Among the
work to date, poly(vinyl alcohol) (PVA), while the simplest of polyol structures, has shown to be
the synthetic polymer exhibiting the most potent mimicry of AFP and AFGP in IRI activity [25,
26]. Ice recrystallization is a process in which larger ice crystals grow at the expense of smaller
ice crystals, akin to an Ostwald ripening process, leading to a reduction in the free energy of the
system [22]. This process, the rapid shift to large crystal growth, is a major cause of cell death
during the thawing of cryopreserved cells and tissues [26-28] . Therefore, IRI is key to improving
cryopreservation of clinically relevant cells, tissues and organs [29]. Moreover, PVA is
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biocompatible and has been used in various medical and food applications [6]. However, in
comparison with known AF(G)Ps, PVA has very little THA [30].

While reduction of complexity is certainly our target, where a typical AFP tertiary structure is
highly evolved, the PVA structure does even in its simplicity present certain constraints. Molinero
et al. [25] have shown that not only does PVA extend away from a random coil conformation when
interacting with the ice lattice, it binds with a two-on-one-off trimer repeat structure; i.e. one of
the pendent hydroxyls every three monomer units is unused. This requirement to involve
conformational alignment of at least three monomer units at a time for efficient hydrogen bond
docking to an ice plane lattice seems inefficient. To this end, we have been inspired by the
hydroxyl repeat structure in the typically threonine-based ice-binding plane of AFPs [31-33], and
the simplicity and potency of PVA, toward a systematic design series of polyol-based polymers
with variations in backbone and side-chain structural features.

Scheme 2.1 : PVA generic structure (left) with single pendent hydroxyl (green triangle) and short
distance (a) from parent backbone, and pendent ethylene glycol (glycerol-grafted) based polymer
generic structure (right) with increased sweeping radius away from backbone (b) and dual pendent
hydroxyl pair per monomeric unit with distance (c) targeted to align well with ice lattice in prism
plane [20], [34].
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The side-chain design here is based off of the simple premise that positioning the pendent
hydroxyl(s) in each side chain further from the parent polymer backbone will allow for more
conformational rearrangement locally, without the requirement of the whole chain to rotate on
binding. Furthermore, we looked to the typical hydroxyl spacing in the various planes in the
general ice lattice, the average spacing between adjacent pendent hydroxyls in PVA, and the
average distance between hydroxyls in small molecule antifreeze such as ethylene glycol (EG) and
propylene glycol [35-36]. As expected, these are all in agreement within reasonable fluctuations
and thus we felt to design the pendent EG unit at the Scheme 2.1(C) position to mirror that average
separation distance. With that rational structure design for side chains, we then turn to the
flexibility of the polymer backbone. PVA has the simplest of backbone structures devoid of
structural steric considerations outside of the single pendent hydroxyl groups. However, there are
a variety of readily available parent polymers one can use to graft a pendent EG functionality to,
such as poly (acrylic acid) (PAA) or poly (methacrylic acid) (PMAA) as examples. Many AFPs
[37] leverage a lattice of threonines which for each hydroxyl also have a neighboring methyl group;
indeed, there is much debate about the role of this methyl group both from hydrophobic [14] and
clathrate inducing [38] perspectives as well as serving as a steric resistance to the movement of
the hydroxyl groups [21]. Again, restricting the hydroxyl spacing would seem useful for efficient
binding to ice. As such, the backbone methyl on PMMA, for example, was considered to probe
its use from a hydrophobic or other perspective. Simply grafting an ethylene glycol functionality
pendent to a side chain would inherently also provide some steric restriction of motion to the EG
group simply due to grafting (akin to that in propylene glycol versus ethylene glycol).
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Scheme 2.2: a) Glycerol-grafted pendent sidechain structure from Scheme 2.1 with least
obstruction to conformational dynamics, b) introduction of a backbone bulky substituent, c)
introduction of only a sidechain bulky or functional substituent, and d) simultaneous introduction
of both structural factors.

With these structural hypotheses towards design of more potent ice-interacting bioinspired
polymers, we decided to build the systematic variations off of parent polymers of PVA,
poly(isopropanol) (PIPOH), poly (acrylic acid), and poly(methacrylic acid). The pendent EG
functionality was formed via grafting of glycidol (as per Scheme 2.2). High concentrations of
glycerol are already used for cryopreservation of red blood cells in both North America and
Europe, however removal of glycerol is a time consuming process and requires specialized
equipment [28]. In addition, glycerol is intrinsically toxic at high concentration to most
microorganisms and only a fraction of cells survive after removal [39]. Baruch et al. demonstrated
that hyperbranched poly(glycidol) strongly suppresses the freezing point of water by kinetically
controlling ice crystal growth and influencing the crystal’s morphology [40]. In the present work,
we have studied the aforementioned variations in pendent-EG based polymeric structures from
performance perspectives that focus on INI, IRI, and THA. We indeed have found exciting
structural elements and a new simple polymer candidate with superior antifreeze potency. Our
incentive is to address a pressing challenge to rationally design synthetic ice recrystallization
inhibitors useful for applications from anti-icing coatings through to cryo-preservation methods
for organ transport.
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2.2 Background
Synthetic biomimicry is a challenge not only due to the higher order of complexity in both primary
macromolecular structure and coordinated inter/intra-molecular conformational topology, but also
due to the fact that most biomacromolecules do not act alone; behavior is a coordinated effort of
multiple species that depend on the environment and function. Here, we are not only attempting
to reduce the level of complexity in primary macromolecular design, yet we also are attempting to
reveal synthetic systems that can perform in AF tasks largely unaided by synergistic coordinated
efforts, and with greater stability than protein-based analogs. While we are not disillusioned to
think we can develop a universal and simple solution that outperforms evolution, we are inspired
to reveal critical design parameters that we believe are shared with AF(G)Ps for the specific assays
and water interactions described here.

2.2.1 Motivation for ice nucleation inhibition

In polymer solutions, freezing generally occurs via a heterogeneous ice nucleation process initiated
by particles or surfaces at a temperature higher than the homogeneous ice nucleation process. After
a critical embryonic ice crystal size, growth continues irreversibly [41] and the heat of fusion
released leads to a rise in the solution temperature referred to as the freezing onset. After this point
ice crystals grow spontaneously until macroscopic in size [42]. Compared to other polymers (PEG,
PVP, Dextran), PVA shows a different impact on the ice nucleation temperature with concentration
[43]. It has been reported that PVA has a different impact on homogeneous and heterogenous ice
nucleation, inhibiting the heterogeneous nucleation and decreasing the freezing point [44] while
promoting homogeneous ice nucleation and increasing that associated freezing point (by
increasing water molecule activity and destabilizing the metastable phase) [45]. These
complexities in freezing behavior have also been reported for AF(G)Ps, where some are shown to
inhibit the equilibrium freezing point and show INI activity while others promote ice nucleation
[46]. Studies focusing on the impact of PVA molecular weight on the freezing temperature
revealed that it does not significantly change beyond a threshold molecular weight but that the
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concentration of hydroxyl groups on the PVA mainchain is more important [43-47]. This is
consistent with nucleation probability decreasing with increase in solution viscosity from classical
ice nucleation theory [48]. Consequently, the concentration and distance between hydroxyl groups,
and their orientation on the PVA backbone, plays a more important role for antifreeze activity than
molecular weight (once beyond oligomeric chain lengths).

2.2.2 . Motivation of ice recrystallization inhibition
PVA has also been reported as a potent synthetic IRI active polymer, effectively interacting with
ice to tune ice crystal shape and suppress its further growth. However, the exact mechanism by
which PVA interacts with ice remains debated [49]. Most of the studies have focused on modifying
PVA structure and composition, while some aimed to alter solution composition (pH, salt content,
etc.), with the goal to reveal PVA’s role in the IRI mechanism [50]. Computational studies have
revealed that PVA selectively interacts with the prism plane of ice through a cooperative zipper
mechanism [25]. Comparing several polymers with structural similarity to PVA reveals that
distance between adjacent hydroxyl groups is critical for IRI activity, even though the exact
interaction mechanism with the prism plane of an ice crystal, and its reversibility, is not clearly
understood [50]. In addition to the distance between hydroxyls, chain length and overall polymer
hydrophilicity have been reported as essentially parameters in IRI activity [27], [51].

2.2.3 Motivation for thermal hysteresis activity
The difference between the melting and nonequilibrium freezing temperatures in an aqueous
solution is defined as thermal hysteresis and is used as a characteristic measure for antifreeze
activity [52-54]. THA is typically measured by DSC due to its high sensitivity [55] at the very low
concentrations relevant to this assay and the largest hysteresis has been observed for AFP-I of
about 1.5 °C [40], [56] at 3 mM. PVA solutions, by contrast, have only shown relatively small
thermal hysteresis of 0.18 °C [30], [57] at 50 mg.mL-1. The widely accepted theory for thermal
hysteresis is that AF molecules can adsorb efficiently onto different ice crystal planes leading to
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curvature of the growing crystal surface and thus providing a higher energy barrier for the addition
of new water molecules. This process locally depresses the freezing temperature [30], [58]. THA
is thought to be concentration dependent (from osmometry assays [30], [59]–[61]) as due to the
reversible binding mechanism at colligative freezing temperatures different concentrations of AFP
were found to be present at the crystal interface [37]. On this basis, increasing the concentration
of our polymers at the ice crystal surface should promote THA. This may be affected by increasing
the polymer solubility (while suppressing the tendency for gelation) and/or by increasing the
hydroxyl content at the same polymer concentration (Scheme 2.1). The increase in affinity with
higher hydroxyl content may reduce the rate of desorption and lead to an increased equilibrium
polymer concentration at the surface.

2.3 Experimental

2.3.1 Material
Poly (vinyl alcohol) (100% hydrolyzed, Mw 86000 g.mol-1) and glycidol were purchased from
Aldrich, poly(acrylic acid) (Mw 100,000 g.mol-1, 35 wt. % in H2O) from Sigma-Aldrich,
poly(methacrylic acid) (Mw 100,000 g.mol-1) from Polysciences, Inc., and p-toluenesulfonic acid
(pTSA) was purchased from Fisher Scientific.

2.3.2 Analytical and Physical methods
Fourier-transform infrared spectroscopy (FT-IR) measurements were performed using a Thermo
Nicolet Is10 FTIR spectrometer in the wavelength region 400–4000 cm−1 at ambient temperature.
Proton nuclear magnetic resonance (1H NMR) spectra were obtained in DMSO as solvent using a
400 MHz Varian Mercury Liquid State NMR at room temperature. Chemical shifts are reported in
parts per million (ppm) with tetramethylsilane (TMS) as the internal reference.
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Powder X-ray diffraction (XRD) patterns were obtained with a Philips X-ray diffractometer using
Cu Ka radiation (l ¼ 1.54060 Å) to investigate changes in the ice crystal structure of frozen
polymer solutions. The range of diffraction angles (2θ) was from 20° to 50°. Samples were cooled
to below -30 °C over dry ice.

Differential scanning calorimetry (DSC) was performed using a Q2000 from TA Instruments
equipped with a RCS90 refrigerated cooler capable of cooling to -90 °C. 10µL samples were
prepared at different concentrations as aqueous phosphate buffer saline (PBS) solutions at pH =
7.4 for INI and THA.

2.3.3 Ice nucleation temperature (TN) and inhibition (INI) by DSC
The heterogenous ice nucleation temperature (TN) was determined for each of the polymers in
PBS solutions by observing the onset point of an exothermic peak during the cooling process by
DSC. At least three separate DSC runs were applied for each sample to determine the mean ice
nucleation temperature at cooling rate of 1 °C/min from 10 °C to -45 °C. In separate DSC analyses
we assessed the impact of cooling rate, contrasting 1 °C/min, 2 °C/min, and a stepwise method
that consisted of incremental cooling by 1 °C followed by a 10-minute isothermal hold prior to the
next incremental decrease by 1 °C to study the stochastic behavior of the exothermic onset of
supercooled freezing.

2.3.4 Thermal hysteresis activity (THA) by DSC
Aqueous solutions of polymers in buffer (1.8 mM KH2PO4, 10 mM Na2HPO4, 136 mM NaCl,
2.7 mM KCl, pH 7.4) were analyzed via DSC. Samples were first cooled to -40 °C and held for 10
minutes so as to completely freeze the solution. The next cycle involved heating from -40 to 10 °C
at a rate of 1 °C/min to completely melt the solution and to capture the total enthalpy of melt for
the sample. Subsequently, a sequence of cycles were run that consisted first of a 1 °C/min cooling
back to -40 °C followed by 1 °C/min heating to a progressively higher hold temperature starting
at -1 °C and increasing by 0.1 °C in each subsequent heating cycle [62] (Figure A 21). This cycling
of heating and cooling profiles process continued through to a maximum of 0.5 °C for hold
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temperature. In the initial heating cycles, the goal was to only melt a small fraction of the ice, hold
the system isothermal for 5 minutes to come to steady state, and then on cooling to capture the
exothermic profile of the refreezing of that water fraction. In early cycles, the melting and freezing
endotherms and exotherms maintain symmetry, where for one (or two) cycles the freezing
temperature is observed at a temperature lower than the hold temperature (i.e. melting temperature
for that cycle). This depression in freezing point is defined as the thermal hysteresis activity
(THA).

2.3.5 Ice recrystallization inhibition (IRI) by Splat assay
Ice recrystallization inhibition activity of the polymers was measured by Splat assay. 10 µl of
polymer solution in PBS buffer (pH 7.4) was dropped from 1.5 meters onto a glass coverslip resting
on an aluminum plate cooled by liquid nitrogen. The small droplet immediately forms a thin sheet
of ice wafer on impact with the cooled glass coverslip. The thin ice wafer was then transferred to
a Peltier cooled cryostage maintained at -8 °C. The ice wafer was left to anneal for 60 minutes
isothermal at -8 °C with a camera periodically recording images of the growing ice crystals under
cross polarizers through over 60 minutes. ImageJ was used to analyze the crystal dimensions in
the images to characterize the crystal growth rate. The ten mean largest crystals were selected in
each image and the average size of those crystals was compared to the ten mean largest crystal
sizes in the PBS buffer alone. The IRI results are then reported in a percentage relative to the mean
grain largest size (MLGS) of the crystals in PBS; 100% equates to the same as PBS buffer while
lower percentages indicate potent IRI performance corresponding to maintaining smaller grain size
over time. This measurement was repeated for three separate wafers and the average value, with
error bars, was reported for each concentration tested.
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2.4 Synthetic Approaches

2.4.1 PVA functionalization with glycidol
PVA was dissolved in DI water (40 ml) under increased temperature at 70 °C. NaOH was added
to adjust pH to 7.5 ± 0.5 followed by slow addition of glycidol at a rate of 1 ml/hr by syringe pump.
The reaction mixture was stirred in a round bottom flask at 70 °C for 24 hours followed by addition
of HCl (3.0 M). The product glycerol-grafted-PVA (G-g-PVA, white solid, Scheme 2.3) was
precipitated in diethyl ether and further purified by dialysis using a Spectra/Pro regenerated
cellulose dialysis tube (3.5 kDa MWCO) in DI water for 24 h (DI water was exchanged three times
to remove impurities) followed by drying under reduced pressure at 40 °C overnight. 1H NMR was
used to confirm the characteristic peaks. 1H NMR (400 MHz, DMSO, ppm) δ: 1.42 (CH2CHOH),
4.23 (CH2CHOH), 3.27 (CH2OH), 3.37 (CHOH). (See Figure A5.6) for full structural
characterization by NMR). Scheme 2.3 shows the reaction pathway for this first synthesis as it is
the major structure of interest in the results, yet all subsequent structures and spectroscopic
characterization are available in the Figure A22. Note: a potential for extended branching from the
pendent glycol [53], [63], [64] is illustrated, yet our target and dominant grafted sidechain structure
is shown furthest to the left in the copolymer.

Scheme 2.3: Reaction pathway to glycerol-grafted-PVA showing the potential for some fraction
of unconverted hydroxyls from the parent PVA polymer and the potential for some degree of
extended branching. Important to note is that any such branching should still be an effective
structure for the hypotheses put forth in this work.
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2.4.2 Polymerization of isopropenyl acetate and functionalization by glycidol
Isopropenyl acetate (5 ml), and benzoyl peroxide (0.0145 gr) were added to a round bottomed
flask. The solution was thoroughly degassed under nitrogen flow and the reaction was then allowed
to polymerize at 80 °C for 8 hours under pressure following a reported procedure [54]. The yellow
solution was then cooled to room temperature and poly (isopropenyl acetate) (PIPAc) was then
recovered as a yellow sticky solid after multiple precipitations in diethyl ether. The ether was then
decanted, and the product was dried under vacuum at 40 °C overnight. 1H NMR (400 MHz,
DMSO, ppm) δ: 2.48 (CH2CCH3O), 1.52 (CH2CCH3O), 1.96 (CH3OO).

2.4.3 Hydrolysis of PIPAc to PIPOH
PIPAc was dissolved in an ethanol (6 mL) and THF (2 mL) mixture at 50 °C. Potassium hydroxide
(3.0 N) was added to the PIPAc solution in excess and stirred at 50 °C for 12 hours. The solution
was then neutralized with weak hydrochloric acid (0.15 N) and precipitated in DI water. The
PIPOH was dried under vacuum at 40 °C for overnight. 1H NMR (400 MHz, DMSO, ppm) δ: 1.48
(CH2CCH3O), 1.35 (CH2CCH3O).

2.4.4 Modification of PIPOH with glycidol
PIPOH was dissolved in THF at 50 °C in a round bottom flask. NaOH was added to adjust pH to
the equivalence point followed by adding slow addition of glycidol at 1 ml/hr by syringe pump.
The product (G-g-PIPOH) was concentrated by evaporating the solvent in vacuum and then
precipitating in diethyl ether (Figure A5.9). FTIR and 1H NMR were used for characterization
(Figure A5.9). 1H NMR (400 MHz, DMSO, ppm) δ: 2.5 (CH2CCH3O), 1.6 (CH2CCH3O) 3.54 3.67 (CH2OH), 3.81 (CHOH) (Figure A 5.10).

2.4.5 Modification of PAA and PMAA with glycidol

17

PMAA and PAA (0.01mol) were dissolved separately in benzene in round bottom flasks and held
at 60 °C for 8 hours. P-Toluenesulfonic acid was used as a catalyst to promote esterification.
Glycidol was added in excess and the mixture was stirred at 70 °C for 12 hours (Figure A 5.11).
The products (G-g-PAA and G-g-PMAA) were precipitated in diethyl ether and purified by
dialysis using a Spectra/Pro regenerated cellulose dialysis tube (3.5 kDa MWCO) in DI water for
24 hours (DI water was exchanged three times to improve purification). The target compounds
were confirmed by 1H NMR[49], [65], [66]. G-g-PMAA 1H NMR (400 MHz, DMSO, ppm) δ:
1.01 (CH2CCH3), 1.7 (CH2CCH3), 3.27 (CH2OH), 3.41 (CHOH), 4.38 (OCH2CH). G-g-PAA 1H
NMR (400 MHz, DMSO, ppm) δ: 1.73 (CH2CH), 2.2 (CH2 CH), 3.28 (CH2OH), 3.34 (CHOH),
4.42 (OCH2CH) (Figure A 5.13).

2.5 Results & Discussion

2.5.1 Heterogeneous Ice Nucleation Temperatures
Inspired by the known performance [46], [55], [67] of the simplest polyol, PVA, we first evaluated
our variations in polyol backbone and sidechain structure on the heterogeneous ice nucleation
temperature. Figure 2.1 shows the impact of the polymer solutions versus concentration on the
nucleation temperature during slow cooling, known as freezing efficiency [45], [68], with respect
to the heterogenous freezing temperature of the aqueous PBS solution alone. PBS buffer was
chosen so as to be able to properly contrast the performance of these polyol against AFP or peptides
which require the PBS solution phase, and thus to simultaneously mitigate any concern for
inconsistent colligative contributions from other species present. As such, we define ice nucleation
inhibition (INI) as the difference between the polymer solution onset of freezing temperature and
that of the PBS buffer solution alone (-17.7 ± 0.7 °C at a cooling rate of 1 °C/min). In this way, a
negative ΔT indicates inhibition, where a positive ΔT indicates nucleation promotion. The data
reported in Figure 2.1, is the mean ice nucleation temperature efficiency observed a cooling rate
of 1 °C/min for at least three measurements for each concentration of a given polymer sample.
There is some expected stochastic variation in the heterogeneous ice nucleation process [55], yet
the trends were quite clear. Similar to the basis PVA performance (in red), each of the polyols
prepared here were increasingly effective with concentration at nucleation inhibition up to a
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maximum threshold after which the performance slowly declined. An obvious potency was
observed for the G-g-PVA sample where performance tracked with its PVA counterpart at
concentrations below 20 mg/mL but extended its impact on nucleation inhibition to a maximum
depression of the nucleation temperature by 8 °C and extended its inhibition concentration window
through to at least double that of PVA. Here, we must take care to consider the performance
comparison on a molar basis as well (see Figure A5.8), where we maintain the observation of
superior performance of the G-g-PVA form, yet at equivalent number the breadth of the
performance window now is more comparable to that of its PVA counterpart. This is not surprising
as G-g-PVA was derived as a post-synthesis modification to the PVA parent polymer, yet it
highlights the increased efficiency of the multi-hydroxyl pendent group per monomer unit. In a
sense, from a hydroxyl-specific point of view, G-g-PVA is double the molarity for the same
polymer chain length. This is also reflected in a static nucleation experiment where undisturbed
samples of PVA and G-g-PVA (at approximately 15 mg/mL) were held in a freezer at -17 °C until
opacity was observed as the onset of crystallization. On average, it took approximately 30 minutes
for this to occur for the PVA sample, where the G-g-PVA sample consistently took over 2 hours
before this onset of undisturbed crystallization was observed.
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Figure 2.1: Ice nucleation temperature (TN) suppression efficiency of polymer solutions versus
concentration. ΔT = T (solution) – T (PBS) representing the freezing point depression efficiency
compared to PBS as a standard.

The performance benefit at equivalent molarity also suggests that there is interaction between these
polyols and the embryonic ice crystals at the onset of nucleation. There are several other trends to
highlight in Figure 2.1. Only the samples with a methyl group off the parent chain backbone were
observed to be nucleation promoters, and only at low concentration, while their structural
counterparts with a much less bulky hydrogen in the same position were effective inhibitors at the
equivalent concentrations.

The enhanced degrees of freedom to rotation and orienting for

structures with less bulky groups near the backbone is intuitively consistent with increased
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interaction efficiency with a nascent ice crystal. A potential result of polymer interaction with a
small ice crystal is to invoke the Gibbs-Thompson Effect to depress the freezing point via inducing
curvature in the small crystal plane, or there could be kinetic ramifications to the growth rate of
crystals with the adsorbed polymers inducing kink kinetic mechanisms[69]. By contrast, while the
differences in side-chain structure between G-g-PIPA and G-g-PMAA did not appear to influence
TN, performance was more sensitive to side-chain structure for those systems which did not contain
a bulky backbone. G-g-PVA and G-g-PAA tracked each other in performance at lower mass
concentrations, however the G-g-PVA structure, without the ester carbonyl, maintained
performance benefit over a much greater concentration range. We will revisit this observation
later in the context of other analogous observations in the results.

To ensure the observations in Figure 2.1 were not overly sensitive to kinetics, we systematically
evaluated the ice nucleation temperature for each of the polymers, as well as for small organic
antifreeze molecules (e.g. ethylene glycol, propylene glycol, ethanol, methanol; (Figure A5.5), as
a function of cooling rate in the DSC. Especially considering the sensitivity of supercooling to
process and environmental conditions [70], we contrasted linear cooling rates of 1 °C/min and 2
°C/min with a lengthy, but deliberate, stepwise cooling profile of 1 °C increments with 10 minute
hold time between each incremental decrease in temperature (Figure A2.24 cycle “c”). In each
method, the onset of freezing was repeated and recorded three times for each sample. The incentive
for the parameters used in the stepwise method were derived from the observation that 50 μL of
DI water (5 times greater than that used in our DSC sample pans) took 7-8 minutes to freeze at 11 °C and 6-7 minutes at -17 °C. From this, we felt comfortable that a ten-minute hold at each
temperature increment would be sufficient to allow for nucleation to occur, if relevant. The results
for all samples (small organic molecules and polymer) demonstrate that ice nucleation temperature
shows sensitivity to cooling rate and the freezing point depression determined by the stepwise
method is greatest, yet reasonably close to the much less time consuming 1°C/min linear cooling
method. Table A5. shows the onset temperature for ice nucleation variation for the polymer
solutions in PBS buffer at a concentration of 25 mg/ml. As such, all data shown in Figure 2.1
employed a cooling rate of 1°C/min.
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Regarding the maximum nucleation temperature depression, after which freezing efficiency (ΔT)
declines, we observed hydrogel formation for all the polymer samples at concentrations greater
than 40 mg.ml-1, except for the G-g-PVA case. While viscosity of the solution is known to impact
the diffusion of water to the crystal nuclei, we believe this decline in performance at higher
concentration to support the notion that the polyols are indeed interacting with nascent ice crystals
at the lower concentrations. Above the threshold gelation concentration, the probability for
interchain interaction between polyol chains surpasses that of surface adsorption and interaction
with an ice crystal. The resulting depletion of polyols from the ice surface then allows ice growth
to resume rapid propagation and effectively approach the ice nucleation conditions without the
polyol present. This decline is not precipitous likely due to the continued reduction in mobility of
the continuous phase water due to the viscosity and interaction with the hydrogel. Only the G-gPVA sample did not show any hydrogelation until concentrations above 60 mg.ml-1. These data
strongly suggest an interfacial stabilization of the small nascent ice crystals, invoking curvature;
hence a depression of the freezing point, and well beyond a colligative effect. The adsorption and
hydrogen bonding of the polyol to an embryonic ice crystal plane may even disrupt the growth by
invoking kink kinetic conditions [69]. We thus turn to XRD analysis in attempt to confirm the
interaction between these polymers and ice.

2.5.2 X-ray Diffraction (XRD)
XRD has been applied to study the interaction of AFPs, and their synthetic substitutes, with
specific faces of ice crystals by monitoring the disappearance of particular diffraction peaks [71].
Here, we performed XRD on ice in the presence of our polyols as 20 mg/mL solutions cooled on
a platform over dry ice and then compared with the known XRD pattern for hexagonal ice [72],
[73]. In Figure 2.2, the XRD spectra of all samples displayed different peak intensities relevant to
crystal planes. The XRD spectrum of ice in the presence of G-g-PMAA displays a weakening of
intensities at 2θ = 21.76, 23.28, 24.88, 38.88, 42.62 and 46.34, corresponding respectively to the
(100), (002), (101), (110), (103) and (112) planes. Furthermore, the peak at 2θ = 32.46, the (102)
plane, disappeared. For the G-g-PAA solution a decrease for peaks corresponding to (002), (101),
(102), (103) and (112) planes occurred. Similarly, a weakening of peaks for the (100), (101), (102),
22

(103) and (112) planes was observed for the G-g-PIPOH solution. In addition, the peak at the (110)
plane disappeared. Finally, the spectrum for ice relevant to the G-g-PVA solution showed the
strongest decrease in peak intensity with additional missing peaks compared to hexagonal ice.
Specifically, the peak at 2θ = 23.3 for the (200) plane decreased while peaks at 2θ = 21.76, 24.88,
32.46, 38.88 and 46.34 all disappeared. This confirms that in the presence of G-g-PVA, the
characteristic hexagonal peaks around 20° - 30°, which are the (100), (002), and (101) diffraction
peaks [74] disappeared and thus the system is mostly an unstable amorphous phase [72]. The XRD
results are in agreement with the ice nucleation data and clearly demonstrate that the modified
polymers interact directly with ice crystals (at concentrations not suited to hydrogel formation).

This result provides valuable information since it has been reported that AFPs have strong binding
capability to specific planes of hexagonal ice to inhibit further crystal growth [75]. The binding to
crystals occurs above a critical ice-shaping concentration to modify the ice crystal morphology to
a specific structure (for example, a bipyramidal shape in the case of AFP-I) [73]. While we do not
have direct evidence of ice shaping by our polymers described here, it is highly likely this
interaction with ice nucleating sites can guide the morphology of ice crystals submicron in size.
Our XRD data does however appear to confirm a strong preference for G-g-PVA interaction with
the prism plane (100) of ice crystals.
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Figure 2.2: Experimental XRD patterns of the ice generated from 20 mg/mL aqueous solutions
of the glycerol-grafted polymer series and pure water cooled above dry ice.
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2.5.3 Ice Recrystallization Inhibition (IRI)
Figure 2.3 shows the degree of recrystallization (ice crystal growth) as a mean largest grain size
(MLGS) measured from the ten largest individual crystals and reported relative to the average
crystal size obtained from the PBS solution alone as a control. The IRI activity is presented over
a range of concentration from 0.01 to 2 mg/ml (orders of magnitude lower than that used for INI
activity).
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Figure 2.3: IRI performance relative to crystal size in PBS buffer alone versus polymer solution
concentration. Colors are coordinated on the plot to the corresponding chemical structure and
Splat assay image from the 0.1 mg/mL data set after 60 minutes on a -8.0 °C Peltier cold stage.

Similar to the INI results, we observe three performance tiers in the IRI data. At all concentrations,
the G-g-PVA sample (green profile and Splat image) is the top performer with exceptional potency
for ice recrystallization inhibition. This is observed in the lowest MLGS % relative to PBS buffer
in the green profile in Figure 2.3 as well as the almost unobservable crystals in the sixty-minute
image for 0.1 mg/mL concentration. While not as potent, PVA is not far behind in IRI performance
in the red profile. At lower concentrations, up through to 1 mg/mL, the remaining pendent-EG
based polymers G-g-PIPA, G-g-PAA and G-g-PMAA all showed similar moderate performance
with gradual benefit at higher concentrations. G-g-PIPA ultimately shows excellent performance
approaching that of G-g-PVA and PVA, yet only at orders of magnitude greater concentration.
Once again, the methyl group off the backbone of G-g-PIPA restricts the freedom of chain rotation
and re-orienting rendering the number of binding sites per chain with a nascent ice crystal substrate
to be comparatively less than the analogous structure (G-g-PVA) without the backbone methyl
group present. The side chains of G-g-PVA and G-g-PIPA are equivalent, however, which helps
explain why ultimately when there are enough chains present (G-g-PIPA) at higher
concentrations), a sufficient amount of binding can be achieved to induce the relevant IRI factors
(such as crystal curvature, interfacial stability of the crystal surface, and potentially impacting the
growth kinetics by introducing kinks in the crystal planes).

Regarding the concept of comparing IRI activity at equivalent number of species, in Figure A 5.7
we contrast the performance of G-g-PVA with PVA, now on a molar basis. Here we see direct
support for our structural hypotheses where presumably performance was gained from both the
longer sidechain affording a larger sweeping radius (Scheme 2.1b) for the G-g-PVA pendent-EG
group as well as to have a multi-point interaction site per monomer unit (Scheme 2.1c).
Incidentally, the lower concentrations in the micromolar range, where G-g-PVA shows excellent
IRI with MLGS values less than 20%, are similar to the molarity typically used for AFP analysis.

26

A final important observation in Figure 2.3 is that the two structures based on esters were the
poorest performers in terms of IRI. The incentive to synthesize those structures was largely due
to their widely available parent polymers PAA and PMAA, as well as precedence in the literature
for the synthesis of those specific grafted pendent-EG versions [75-78]; albeit for different
purposes. What we did not anticipate was the scenario that one of the pendent hydroxyls, in either
G-g-PAA or G-g-PMAA, will be effectively unavailable for ice binding due to the more favorable
intramolecular hydrogen bonding with the ester carbonyl close to its backbone. When this scenario
occurs, only one pendent hydroxyl will be effectively available for ice interaction and with
significant loss of degrees of freedom for sweeping volume of the side chain due to the rigidity
imposed by the ring closure (Scheme 2.2 c & d). Carboxylic acid dimerization through hydrogen
bonding is a well-known phenomenon [79]–[82] and is also the likely reason the ester based polyol
polymers here lost their IRI performance at much lower concentration than the other structures,
effectively forming hydrogels due to intermolecular interactions (Figure 2.1).

Here, IRI

characterized at significantly lower concentration than in an INI assay, the intramolecular
interaction is more readily available. This observation serves as support for the preference to
leverage pendent structures that are unfavorable to intramolecular hydrogen bonding so as to
maintain the highest concentration of binding sites for ice interaction.

2.5.4 Thermal Hysteresis Activity (THA)
As described earlier, one of our hypotheses is that increasing the concentration of our polymers at
the ice crystal surface should promote THA. An increased hydroxyl content, compared to the
relatively inactive PVA THA performance [83], at the same polymer concentration, should also
reduce the rate of desorption and lead to an increased equilibrium polymer concentration at the
surface and longer effective “residence time” at the surface. In Figure 2.4 we overlay the specific
cooling cycle where THA can be characterized [76], [77], [84] for our synthetic polyol polymer
structures and that of the Anatolica polita desert beetle Trx-ApAFP752 [62], [78], [85], all at the
same molarity (189 µM).

Strikingly, the G-g-PVA polymer indeed shows the projected

performance benefit over its PVA parent polymer, with a THA of 0.81 ± 0.13 °C, but moreso that
it outperformed the AFP sample at equivalent and dilute conditions. While the AFP in a biological
environment certainly does not act alone, here isolated to individual interaction with small ice
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crystals its conformational restrictions may be putting it at a disadvantage to the comparatively
unconstrained chains of G-g-PVA. Even the G-g-PAA structure approached the performance of
the AFP and outperformed PVA. Again here, we believe this to be a synergetic effect from a
relatively unrestrained backbone affording conformational adjustments on binding (much like
PVA), yet with increased hydroxyl molarity (Scheme 2.1). At these low solution concentrations,
the tendency for interchain gelation and impact on solution viscosity is expected to be negligible;
hence we can focus on the impact of these structural features directly on THA. G-g-PAA was
determined not to be IRI active, while showing comparable INI activity at lower concentration
than PVA supporting the idea that THA is derived from a combination of IRI and INI [86]. One
possible explanation is that G-g-PAA might interact with water molecules in crystal grain
boundaries and immobilize them, reducing their availability for crystal growth. This hypothesis
may also explain why polymers such as PVA show strong IRI activity with little to no THA
activity.

Figure 2.4: Relevant sections of the cooling exotherm displaying THA activity (values in °C to the
right of the plot) for the series of pendent-EG polymers compared to an insect AFP. All samples
were analyzed at equivalent solution molarity of 189 µM. The holding temperature for the
respective cycles is indicated by red circles with the onset of freezing indicated by blue circles.
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In Figure 2.4 we revisit the specific structural impacts proposed in Scheme 2.2 and emphasize the
confirmation of their strong impact on THA performance. At equivalent concentrations (20
mg/mL), the specific (negative) contributions to THA are easily apparent. Much like the INI and
IRI data, when there is a bulky group on the parent chain backbone (as in G-g-PMAA in Figure
2.5a), the cooling profiles do not show sufficient change in slope to determine any THA. If we
then solely remove that bulky substituent (as in G-g-PAA in Figure 2.5b), we reveal a cooling
profile that shows the depression in freezing point. However, most strikingly, once we also remove
the carbonyl on the sidechain (as in G-g-PVA in Figure 2.5c), we observe a sufficiently strong
exotherm at the onset of freezing that the profile overpowers the cooling capacity of the DSC for
a short time. These we believe strongly support the impact of the structural design elements
proposed in both Scheme 2.1 and 2.2, allowing for conformational adjustments to optimize binding
with the ice surface.

Figure 2.5: Overlay showing a) lack of THA for G-g-PMAA, b) observation of THA with only
bulky backbone substituent removed in G-g-PAA, and c) dramatic improvement in THA with
flexibility in both backbone and sidechain in G-g-PVA. All samples analyzed at 20 mg/mL.
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2.6 CONCLUDING REMARKS
There appear to be common themes in the results of each of the assays (INI, IRI, THA, and XRD)
consistent with the structural element hypotheses put forth in Schemes 2.1 and 2.2. Key to the
performance is positioning a functionality with structural similarity to ethylene glycol pendent to
a host polymer chain with consideration of its conformational freedom. Lengthening the side
chain, relative to the standard synthetic control in PVA, minimizes the need for a coordinated
conformational change of many monomer units to optimize orientation for binding to an ice plane
surface; here, each monomer unit has the capability to independently bind. Similar motivation is
anticipated in the evolutionary design of the ice-binding plane in AF(G)Ps, which indeed leverage
multiple amino acids for the purpose yet in a rigid format without need for conformational
contortion on binding. In this work we explored systematic variations in both backbone and sidechain substituents and confirmed two critical structural design elements for potency in these
applications. While enhanced degrees of freedom in mobility of the side chain offered the largest
boost in performance, restrictions to the mobility of the chain backbone to conformational
adjustments remain critical to avoid. Bulky alpha substituents to the side chain, methyl groups in
those polymers studied here, dramatically reduced performance. Bulky groups are also not
recommended on the side chain itself (regardless of hydrophobicity) for the same reasons, yet we
additionally found that one should take care not to allow for efficient intramolecular hydrogen
bonds inherent in ester-based side chains. As a result, a surprisingly simple structure in glycerolgrafted-PVA (G-g-PVA) showed potency rivaling AFPs, at equivalent molarity, noticeably
surpassing that of the PVA standard; and for all assays explored. We believe this underlines
potency from the perspective of the molarity of the available hydrogen bonding sites on the
(bio)macromolecule well aligned with an ice plane, and less with regard to the molarity of the
whole solution. The beta helix in Trx-ApAFP752 has on the order of 10 hydroxyls available for
ice binding in the active portion of the structure of around 10k g/mol, where considering the degree
of polymerization of our parent 86k g/mole PVA chains there are theoretically around 45 available.
Certainly not all can participate in each binding event, yet our G-g-PVA structure inherently will
lead to an even greater percentage compared to PVA. Quantitative analysis of this comparison,
and to that of a typical AFP, is yet to be determined. We do, however, expect the dynamics of
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binding residence time on the surface to be the key to potency, consistent with the still debated
notion of reversibility of binding in the AF(G)P literature[12], [87].

31

CHAPTER 3: Ice nucleation promotion impact on ice recrystallization inhibition
activity of polyols

3.1 Introduction
Heterogeneous ice nucleation is Nature’s most predominate form of ice formation which plays a
vital role in the food industry, atmospheric science, biopreservation, and cryomedicine [88-90].
For organisms surviving at subzero temperatures, heterogenous ice nucleation initiates by ice
nucleating agents already present in their body [91]. Controlling the rate of ice nucleation and the
size of ice crystals is crucial in the context of cryopreservation and food science. By decreasing
the ice nucleation temperature, the size of the generated ice crystals becomes smaller [92]. In food
science, ice recrystalization inhibition (IRI) is preferred since larger ice crystal size can cause
tremendous changes in the texture and quality of foods [93-94]. Therefore, studying the ice
nucleation rate and temperature impact on ice crystal growth is important to a wide range of
applications. However, the exact mechanism for ice nucleation, the ability to predict ice nucleation
temperature, and using this information to design synthetic structures that could tune freezing point
have not been fully understood and the present theories remain under debate [92].
At sub-zero temperature, the solid phase is thermodynamically stable in terms of volume free
energy of the water molecules both the bulk and solid phases. After embryonic ice crystal
formation, a kinetic barrier for the liquid to solid phase transition controls the crystal growth and
total free energy of the system varies depending on the surface free energy of the ice crystal-water
interface [95] . In the presence of external impurities in the water (bacteria, proteins, dust, ions,
etc.) heterogeneous ice nucleation is more probable because these impurities can provide
nucleation sites to decrease the energy barrier and promote ice nucleation [96]. Among these, silver
iodide (AgI) is considered a common and standard ice nucleator that can promote ice nucleation.
This is because the crystal structure of AgI is similar to the basal plane of hexagonal ice (Ih) [9799] crystals that promote ice nucleation by acting as a template for water molecules orientation
and decreasing the interfacial free energy [100-101].
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Water molecules can be supercooled to below 0 °C and remain as a liquid phase without freezing
[102]. Several materials, such as antifreeze proteins (AFPs) in different conditions can prevent ice
nucleation and therefore their ice formation temperature decreases to sub-zero temperatures.
However, AFPs are difficult to synthetically access and small molecule mimics of them do not
show significant ice nucleation inhibition properties [103]. Several polymers with IRI activity
have been reported but the polymers with ice nucleation inhibition property are far fewer and the
difficulty of controlling ice nucleation is likely because of the smaller size range of ice nucleus in
nucleation time compared to that during recrystallization. G-g-PVA has been reported as a polymer
with highly potent ice nucleation inhibition property in PBS buffer, as measured by differential
scanning calorimetry (DSC) [104].
AF(G)Ps and their synthetic analogues, as well as other synthetic polymers with high and moderate
IRI activity have been widely applied to study IRI activity in solution. However, controlling the
ice nucleation by these polymers has not yet been proven as successful [105-108]. Commercial
PVA at relatively high concentration induces ice nucleation rather than inhibition and this is an
example for the complexity of ice nucleation phenomena [109]. Silver iodide (AgI) is a common
and accessible ice nucleator compared to AFPs. Reportedly, AF(G)Ps or PVA can also inactivate
the ice nucleation activity of AgI within a specific concentration range (0.01 to 1.0 mg.ml-1) [110].
Organisms living at subzero temperatures have adapted to this situation using freeze-avoidance or
freeze-tolerance strategies. Freeze-avoiding species usually inhibit ice formation by increasing the
sugars or polyols concentration in their body or by removing the ice nucleators that start ice
nucleation. On the other hand, freeze-tolerant species prevent ice crystal growth after formation
by producing AF(G)Ps which inhibit ice crystal growth via a molecular recognition process and
adsorption to the specific faces of ice [111], [112].
Considering any adaptations the organism experiences in nature and their ability to control the
concentration of heterogeneous ice nucleators, studying the ice nucleation rate and the temperature
impact on IRI activity semes necessary in this context.
Heterogeneous ice nucleation at comparatively higher temperature generates larger ice crystals
compared to nucleation at lower temperature and this can have a detrimental effect on food quality
[90]. Considering the same amount of sample, the overall ice crystals surface area at higher
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nucleation temperature would be less than nucleation at lower temperature due to this crystal size
difference.
Most of the anti-ice nucleating agents (anti-INAs) prevent ice nucleation in the aqueous solution
by interacting with ice nucleation agents or water molecules in the metastable phase around the
nucleating agents [113, 114]. The interaction between INAs and anti-INAs seems necessary to
investigate because some of the AFPs with ice nucleation property may not interact with anti-INAs
which can trigger ice nucleation at higher temperature.
After reaching critical ice nucleus size, the crystal bursts in an apparent instantaneous growth to
the tens of micron size range. It is at this point and size when AFP or any other IRI active agents
can interact efficiently with it to inhibit its growth and interaction with other growing ice crystals
or via new water molecule addition. During this process, the anti-INAs diffusion and mobility,
which varies with temperature, anti-INAs nature and solution media play key roles to determine
the overall kinetics of ice recrystallization.
To the best of our knowledge, this is the first time IRI activity of the polymer has been studied
while simultaneously controlling the ice nucleator concentration in the solution. The results from
this study will aid our understanding of the overall ice recrystallization inhibition process to
develop next generation potent antifreeze biomimetics to control ice nucleation and
recrystallization.
Studying the ice nucleation rate and temperature in polymer solutions with a controlled ice
nucleator concentration at – 7oC revealed that Ostwald ripening is likely the predominant
mechanism to attempt to halt for effective ice recrystallization inhibition after the ice nucleation
step has been completed throughout the solution media. This interpretation comes from the fact
that in our Splat assay experiments ice nucleation at -7oC happened quite quickly where the whole
droplet froze in less than one minute, leading inherently to less liquid-phase water in the system
and thus reducing the ability for the Kelvin effect to dominate.
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3.2 Experimental Section
3.2.1 Materials
Glass slides with PTFE coating were purchased from Thermo Scientific. Vinyl acetate (99%) was
purchased from Sigma Aldrich and cleaned using distillation to remove inhibitor before
polymerization. 4,4’azobis (4-cyanovaleric acid) (97%) was purchased from Aldrich. Potassium
Ethyl Xanthate (98%) was purchased from Alfa Aesar and used as received. Benzyl bromide (98%)
and hydrazine hydrate (80%) solution purchased from Fluka and used as received. AgI was
purchased from Sigma-Aldrich (97%). Glycidol were purchased from Aldrich and used as it
received.

3.2.2 Methods
1

H NMR and

13

CNMR spectra were recorded in deuterated solvents purchased from Sigma-

Aldrich, using a 500 MHz Varian Mercury Liquid State NMR at room temperature. Chemical
shifts are reported in parts per million (ppm) with tetramethylsilane (TMS) as the internal
reference. Fourier-transform infrared spectroscopy (FT-IR) measurements were performed using
a Thermo Nicolet Is10 FTIR spectrometer in the wavelength region 400-4000 cm-1 at ambient
temperature.
Polymers molecular weight and dispersions determined by size exclusion chromatography(SEC).
SEC was performed on a Tosoh EcoSEC dual detection (RI and UV) SEC system coupled to an
external Wyatt Technologies miniDAWN Treos multiangle light scattering (MALS) detector and
a Wyatt Technologies ViscoStar II differential viscometer. Samples were run in 0.1% wt LiBr
THF at 50 °C at a flow rate of 0.45 mL.min-1. The column set contained one Tosoh TSKgel
SuperH4000 (6.0 mm ID × 15 cm) column, one Tosoh TSK gel SuperH2500 (6.0 mm ID × 15 cm)
column and a Tosoh TSK gel Super H-L guard column (4.6 mm ID × 3.5 cm). Polymer solution
characterized by SEC were 1.0 mg/mL in THF, stirred magnetically for at least 12 hours and
filtered through 0.45 μm PTFE syringe filters before analysis.
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3.2.3 Polymer synthesis and Characterization
3.2.3.1 Synthesis and characterization of S-benzyl O-ethyl carbondithioate
Acetone (30 mL) was added to a round bottom flask equipped with a stirrer bar. Potassium
ethyl xanthogenate (2 g) was added and left to dissolve for 30 minutes. Benzyl bromide (2.13) was
added and stirred for 24 hours at 50 °C. The solution was filtered, and the filtrate concentrated in
vacuum. The resulting yellow oil was purified on a column of silica with DCM as eluent.

Scheme 3.1: Synthesis route for S-benzyl O-ethyl dithiocarbonate.

After evaporation of the eluent and drying in a vacuum oven for 12 h, S-benzyl O-ethyl
carbondithioate was confirmed by 1H NMR (500 MHz, DMSO-d6). δ = 7.23 – 7.38 (5 H, aromatic
proton), 4.61 (2H, OCH2CH3), 4.40 (2H, SCH2), 1.38 (3H, CH3CH2).
C NMR (500 MHz, DMSO-d6). δ= a13.99 (CH3), d 39.82 (ph-CH2), b70.83 (CH3CH2), 127.9,

13

g128.99, f129.49, e136.52 (4C, aromatic carbons),) – c 213.73 (C=S) (Figure A 4.3).
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Figure 3.1: 1H NMR spectrum (500 MHz) recorded in d6-DMSO for S-benzyl O-ethyl
dithiocarbonate.
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Figure 3.2: 13C NMR spectrum (500 MHz) recorded in d6-DMSO for S-benzyl O-ethyl
dithiocarbonate.

3.2.3.2 Synthesis of Poly (vinyl acetate) (PVAc)
Vinyl acetate (9.8 g, 10.5 ml) was purified by distillation and charged to a round bottom flask. Sbenzyl ethyl carbondithioate (0.1 g, 0.459 mmol) (Figure A3.1 and Figure A3.2) and 4,4’azobis (4cyanovaleric acid) (0.0151g, 0.052 mmol) were added to the batch and sealed with subaseal. The
mixture was left to degas under nitrogen flow for 20 min before raising the oil bath temperature to
70 °C. The reaction was carried out for 24 hours at this temperature. Poly (vinyl acetate) was
recovered as a sticky yellow oil after precipitation in diethyl ether.
Poly (vinyl acetate) was characterized using 1H NMR (500 MHz, CDCL3) in which δ = 4.88 (1H,
CH2CH(OOCH3), 2.02 (3H, (CH2CH(OOCH3)), 1.75-1.85 (2H, CH2CH(OOCH3)). FTIR C-H
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2936 cm-1, C=O 1735 cm-1, C-O 1377 cm-1. Molecular weight for PVAc was measured by SEC and
1.75 KDa was obtained from this measurement Figure A 3.3.

Figure 3.3: GPC data for poly (vinyl acetate) in THF, for the number average molecular weight
(Mn = 17586 g.mol-1) and PDI = 1.181 measurement.

3.2.3.3 Poly (vinyl acetate) Hydrolysis to Poly (vinyl alcohol)
Poly (vinyl acetate) (3 g) was dissolved in 25 ml methanol at 40 °C in a round bottom flask while
stirring until fully dissolved. Hydrazine hydrate (1.6 ml in 10 ml DI water) was added to the mixture
stirring at 50 °C in the oil bath for 24h (after that NaOH (1 N) was added for further 24h hydrolysis).
After reaction, the methanol evaporated by rotary evaporator and the solution diluted by DI water
(20 ml) before purification by dialysis. At the end, the solution was dialyzed using a Spectra/Pro
regenerated cellulose dialysis tube (10 kDa MWCO) and the poly (vinyl alcohol) was discovered
as a white powder by freeze-drying the dialyzed solution.
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Scheme 3.2: Synthesis route for poly (vinyl acetate) and hydrolysis by hydrazine to poly (vinyl
alcohol). NaOH (1N) was added at the end to complete hydrolysis.

Poly (vinyl alcohol) was characterized by 1H NMR (500 MHz, D2O) in which δ = 3.8 – 3.5 (1H,
CH2CH(OH), 1 – 1.3 (2H, (CH2CH(OH)). FT-IR O-H (3100 - 3500 cm-1), C-H (2917 cm-1), C-O
(1286 cm-1) (Figure A 3.1).
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Figure 3.4: 1H NMR spectrum (500 MHz) recorded for poly (vinyl acetate) in CDCL3 and poly
(vinyl alcohol) in D2O.
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Figure 3.5: FT-IR spectrum for the poly (vinyl acetate) and PVA after hydrolysis.

3.2.3.4 Poly (vinyl alcohol) functionalization with Glycidol (G-g-PVA)
PVA (0.305 g, 0.0331mmol) was dissolved in 20 ml DI water by starring at 70 °C for 20 minutes.
Sodium hydroxide (0.1M) was added to the solution slowly to control the pH at 8.7, followed by
controlled addition of glycidol (0.337 g in 5 ml DI) at rate of 1 ml/h using syringe pump. The
reaction mixture was stirred in a round-bottom flask at 70 °C for 24 h followed by addition of 0.2
ml HCL (3.0 N). The product, glycerol-grafted-PVA (G-g-PVA), was concentrated by rotary
evaporation followed by slow addition into 20 mL diethyl ether (cooled over dry ice) to precipitate
and further purify by dialysis using a Spectra/Pro regenerated cellulose dialysis tube (10 kDa
MWCO) in DI water for 3 days (DI water was exchanged three times to remove impurities)
followed by freeze drying to get G-g-PVA product as a powder. PVA modification percent with
glycidol (45.41 %) was calculated using integration peck in 1HNMR spectroscopy. G-g-PVA was
characterized by 1H NMR (500 MHz, D2O) in which δ = 1.3 – 1.7 (2H, (CH2CH(OH)), 3.7 – 3.9
(1H, CH2CH(OH), 3.3-3.65 (a, c, e) Figure A3.2.
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Scheme 3.6: Synthesis route for the modification of PVA with Glycidol.

Figure 3.7: 1H NMR spectrum (500 MHz, D2O) for G-g-PVA characterization prepared by
grafting glycidol to the PVA.
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3.2.4 Aqueous solution preparation
Aqueous solutions containing AgI particles dispersion were prepared by adding 20 mg of AgI in
5 ml UPW in a vial. The suspension was sonicated (Emerson Electric, Branson model 1510) for 2
hours at room temperature followed by filtration (first by 5 µm followed by 0.2 µm Cameo) to
remove larger AgI particles or any aggregation from the dispersion above 0.2 µm.
PVA and G-g-PVA were separately dissolved in UPW, then aqueous solutions of each polymer
were prepared by mixing polymer solution with AgI suspension in with AgI concentration in all
samples was diluted to 0.1 of the initial concentration (0.1 M0). The steps repeated three times for
each sample to make three different fresh samples of each polymer. Each sample was then used
for ice nucleation and recrystallization study.

3.2.5 Ice Nucleation Study
The ice nucleation process was recorded by observing the freezing of droplets for each sample
over time using optical 5 MP USB digital microscope (Bodelin ProScope EDU; SKU PS-EDU100). We used a Peltier cryostage to control the temperature at -7 °C to record the time needed for
ice nucleation for the samples prepared in UPW water with or without AgI. For this purpose, small
droplets (5 µl) of each sample were pipetted onto a transparent cover glass slide. The ice nucleation
process for each sample was detected by the change in droplet opacity upon freezing over time
followed by crystal growth, recorded under microscope. Since the IRI activity of AF(G)Ps and AF
polymers were usually studied in the buffer solution at -7 °C, we also studied the ice nucleation
process over time contrasting both PBS and KPS buffers. In KPS Buffer, ice nucleation took longer
time than PBS buffer because of colligative effects as it would be predicted. In addition, ice
nucleation in the buffers occurred quickly at -7 °C compared to in UPW because of the presence
of ice nucleators. The number of droplets observed for each sample was between 6 and 8 for a
single measurement, Figure 3.1.
Ice nucleation and crystal growth was also studied using microcapillary tubes as shown in Figure
3.2. 15 µl of each solution were loaded into separate microcapillary tube, and then microcapillary
tubes were placed onto the cryostage and equilibrated at -7 °C under the microscope. The samples
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were then annealed at this temperature and ice nucleation was recorded over time. For each
aqueous sample containing AgI particles the concentration of AgI was adjusted to 0.1 M0 and the
polymer concentration was adjusted to be 0.1 mg.ml-1.

3.2.6 Ice Nucleation Study by Differential Scanning Calorimetry (DSC)
Ice nucleation temperature for each polymer solutions containing AgI was also determined by DSC
using the onset point of the exothermic peak in the cooling cycles. We applied two different
cooling cycles for each experiment; in first cycle, the cooling rate was 1 °C /min from 10 °C until
-6 °C and then 0.1 °C /min from -6 °C to -8 °C. Then from -8 °C to -40 °C the cooling rate was
returned to 1 °C /min. For the second cycle, the cooling rate was 1 °C /min during entire cycle
Figure 3.3. This type of experiment was repeated for three separate fresh samples to determine the
mean ice nucleation temperature between 10 °C to -40 °C. The data was reported for each polymer
solution, and AgI/UPW alone as a control, to study polymer INI impact under two different cooling
methods.

3.2.7 Ice Recrystallization Inhibition (IRI) activity by Splat Assay
As a representative example, the method we used in our previous work [104] was applied here to
study ice recrystallization inhibition activity of the polymers in buffer and ultra-pure water
containing AgI particles. Briefly, 10 µl of the polymer solution in buffer or UPW containing AgI
were dropped from 1.5 m onto a glass coverslip on aluminum plate cooled by liquid nitrogen to 80 °C . The thin sheet of ice wafer was then immediately transferred to a Peltier cooled cryostage
(-7 °C) for annealing. The crystal growth was recorded over 60 min annealing on the stage using
a cross polarizer camera. The IRI data was reported as the mean largest grain size percent (MLGS)
with respect to the MLGS of the AgI/UPW control solution. The measurement was repeated for
three fresh separate solutions and the average value was reported for corresponding concentration,
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with relevant uncertainty. This procedure was also applied for the same polymer solutions in PBS
buffer.

3.3 Results and Discussion
In the previous chapter we studied backbone and sidechain variation impacts on INI, IRI, and THA
of different glycerol grafted polymers. Our results clearly showed that PVA modified with pendent
glycidol dramatically improved the INI, IRI and THA at lower equivalents compared to PVA along
with dramatic improvement in solubility in aqueous solution as well [104]. In this chapter we
employed RAFT polymerization to obtain well-defined polymers of target molecular weight and
with a higher degree of hydrolysis and low dispersity (Đ = 1.18) to explore these impacts on ice
nucleation and recrystallization assays in the presence of AgI particles as ice nucleator. We
synthesized the S-benzyl O-ethyl dithiocarbonate chain transfer agent and applied it for poly (vinyl
acetate) synthesis in the bulk polymerization to control molecular weight followed by
characterization using FT-IR and 1H NMR.
The main goal of this project was to study the ice nucleation promotion impact on IRI activity of
PVA and G-g-PVA (the most IRI active polymer to the best of our knowledge) [104] in an UPW
solution where AgI used was a commercial ice nucleator. Furthermore, it will help to understand
the contrasting behavior of some AFPs which promote ice nucleation while inhibiting ice
recrystallization.

3.3.1 Ice Nucleation and Polymer Impact Study
Freezing in nature follows several mechanisms but it is mainly considered as a two-step process
comprising of the initial ice nucleation catalyzed by INA which is the stabilization of the water
molecule by freeze active sites of the nucleators to form tiny ice embryo, followed by crystal
growth of these small ice crystals through water molecules addition or the expense of other smaller
ice crystals. Most of the proteins in organisms, especially the large versions [115], bacteria, and
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fungi can catalyze the heterogeneous ice nucleation process. Reportedly, AFPs and PVA can
inhibit ice nucleation through not only interaction with INA surfaces, but also with the formed ice
embryos [116], [117]. However, AFP activity during the freezing process is limited by its diffusion
rate [118]. Several studies explored ice nucleation inhibition activity of anti-INAs at different
cooling rates and reportedly ice nucleation temperature depression varies by concentration or AIN
agent types. However, here we have studied the ice nucleation rate under isothermal conditions
and explored then the specific impact of the polymer characteristics on ice nucleation rate at this
temperature.
In order to understand the ice nucleation promotion impact on IRI activity we used AgI as a
commercial ice nucleator to increase ice nucleation temperature and rate in UPW. It has been
reported that PVA molecules can interact ice embryos in aqueous solutions to inhibit ice nucleation
[105], [119]. Another idea is that PVA molecules interact directly with freeze active sites on AgI
particles and mask heterogeneous ice nucleating points to inactivate the ice nucleation property of
it [120]. In both case, ice nucleation rate can dramatically change the IRI activity of the polymers
and in this project, we explored it with PVA and G-g-PVA and AgI dispersion in UPW.
Our hypophysis is that at relatively higher ice nucleation temperature, polymer molecules will
have a higher diffusion rate and mobility to reach the freeze-active plane of an ice nucleator to
have an early interaction with growing ice crystal layers before the growth process has proceeded
too far. In addition, controlling the ice nucleating content enables to have higher polymer/ ice
nucleus ratio which leads to efficient polymer interaction with INA. This idea becomes even more
important to explore when polymer interaction with a growing ice crystal becomes irreversible for
certain ice crystal planes.
Figure 3.1 shows a representative microphoto of the ice nucleation for 5.0 µl droplets of aqueous
solutions on the glass slide cooled by cryostage to -7 °C. The images recorded under microscope
before and after freezing process to study the ice nucleation promotion by AgI and the ice
nucleation rate depression by polymers. We used several droplets in each experiment to consider
the stochastic nature of the ice nucleation process happening in heterogeneous ice nucleation.
Ice nucleation in UPW at – 7 °C showed significant time delay compared to AgI dispersion in
UPW (13:03 and 00:10 respectively) as expected because of the triggering heterogenous
nucleation by AgI particles. However, in this experiment, PVA and G-g-PVA (0.1 mg.ml-1)
47

solutions containing AgI (0.1 M0) particles showed little delay in ice nucleation compared to the
AgI/ UPW Figure 3.1. The ice nucleation process recorded for the G-g-PVA solution on the
cryostage was surprisingly unexpected as in the G-g-PVA/UPW solution containing AgI particles,
a cloudy phase formed rapidly (after ~ 5 s). The cloudy phase formation was observed both in the
experiment on cryostage and within microcapillary tubes, as shown in Figure 3.2. This likely
followed a different mechanism than PVA ice nucleation inhibition since the cloudy phase
remained stable at least for 1.5 hours during the annealing in microcapillary tubes. The reason for
the quick cloudy phase formation could be the strong interaction between G-g-PVA and the ice
layer formed on the AgI particles and the water molecules around them which inhibit ice crystals
from further growth. Another hypophysis is that G-g-PVA does not interact efficiently with the
AgI particles itself to prevent ice nucleation process.

Ice nucleation for two of the most commonly used buffers in measuring IRI activity of the AFPs
and synthetic polymers with AF properties was also captured. Ice nucleation in KPS buffer takes
longer time compared to PBS buffer (3:14 and 1:57 respectively) because of colligative effects
that result from higher salt concentration in the KPS buffer. In addition, higher salt concentration,
especially sodium salt, significantly affects the potency of AF(G)P’s IRI which may be due to the
salt gradient in the water-ice interface which helps AF(G)P adsorption onto the ice crystal [121].
Consequently, studying the ice nucleation promotion impact on IRI activity seems important since
it will help to understand the mechanisms of INI and IRI process. Ostwald ripening process and
Kelvin effect currently are the most commonly used mechanisms to interpret the IRI process.
However, there is a possibility that both of them contribute to the IRI process with different
efficiency during ice crystal growth phases.

48

Figure 3.8: Microphoto assay of ice nucleation in 5.0 µl aqueous solution droplets at -7.0 °C over
time. UPW before & after freezing (a - b, 13.05), AgI dispersion in UPW before & after freezing
( c- d, 00:10 ), PVA solution in AgI dispersion in UPW before & after freezing ( e - f, 00:20),
and G-g-PVA solution in AgI dispersion in UPW before & after freezing ( g - h, 00:05).

Ogawa et al. studied PVA impact on the ice nucleation process in water-oil (W/O) emulsions and
they showed that PVA molecule itself can induce heterogeneous ice nucleation probably because
of the microgel formation even at low concentration [122]. While other studies reported the impact
of antifreeze polymers on ice nucleation temperature at different cooling rates, we studied ice
nucleation under microscope under isothermal conditions ( -7 °C). This condition will allow us to
better explore polymer impact on ice nucleation in the absence of variation in water viscosity with
temperature along with limiting the possibility of polymer diffusion changes with temperature.
Wilson and Leaser reported that it is difficult for AF(G)P molecules to interact with tiny ice nuclei
during the nucleation due to the AF(G)P low diffusion rate in the water [118].
From our results, G-g-PVA solution in AgI/UPW on the cryostage at -7 °C surprisingly first started
to freeze (00:50s) at the same condition applied for AgI/UPW and PVA solutions in AgI/UPW
(Figure 3.1). The most possible reason could be the weak interaction of G-g-PVA with AgI
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particles to mask its freeze-active sites. By contrast, PVA efficiently interacts with freeze-active
planes of AgI particles to suppress the ice nucleation rate [110].
In this experiment we also tested the possibility of surface-initiated ice nucleation by glass cover
slides. For this means, the glass slide’s surface was covered by thin layer of silicon oil (Toshiba
Silicon oil) to eliminate the possible surface roughness impact on the ice nucleation process
(Figure A5). The results did not show significant variation confirming that the cover glass surface
did not affect the ice nucleation process. This suggest that ice nucleation in this experiment did not
depend directly on the cover glass surface rather the presence of AgI as a main heterogeneous ice
nucleator.
Heterogeneous ice nucleation inhibition depends on the interaction of AF(G)Ps or polymers not
only with INAs, but also with the ice nuclei [116], [117]. However, the interaction between antiINAs and ice nuclei during the nucleation is likely difficult because of the AF(G)Ps lower diffusion
rate in water [123].
Ice nucleation and the mechanism of anti-INAs effectiveness on heterogeneous ice nucleation
requires further study. Franks et al. showed that AF(G)P and PVP do not affect ice nucleation
temperature but they can significantly change the ice nucleation rate [124]. In addition, Ogawa et
al. showed that in W/O emulsion, PVA increase ice nucleation temperature even in the absence of
INAs probably due to the microgel structure formed by PVA molecules in the solution [125].
However, ice nucleation promotion by G-g-PVA in AgI/UPW cannot be due to the microgel
formation or through providing the template for water molecules since in our system, AgI is the
predominant ice nucleator and in G-g-PVA/UPW sample (without AgI), ice nucleation did not
happen even after annealing for 2h (Figure.3.2).

Figure 3.2 shows a representative image for the ice nucleation study of polymer solutions in UPW
with and without AgI particles. Samples were loaded in microcapillary tubes followed by sealing
the tubes from both ends. The microcapillary tubes were transferred onto the cooling stage held at
– 7 oC under microscope and recorded for 1.5 h. We observed ice nucleation only for the solutions
that has AgI particles. The experiment was repeated three times on three fresh samples to determine
repeatability and uncertainty for the results.
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The ice nucleation process recorded for the G-g-PVA solution in AgI/UPW was unexpected
(similar to what we saw in previous experiments) and requires further exploration. This polymer
solution shows strong INI and THA activity in PBS based on our several experiments using DSC
as we reported in our previous work/chapter [104]. However, in this experiment the G-g-PVA
solution in AgI/UPW was the first sample that started making a cloudy phase in microcapillary
tube as shown in Figure 3.2. The cloudy phase movement was observed under microscope and in
some points it was unstable. The exact interpretation for the cloudy phase formation in the presence
of G-g-PVA remains unclear and it requires further studies. The most possible explanation could
be the efficient interaction between G-g-PVA and tiny ice crystals and stabilization which prevent
from further growth.
PVA solution in AgI/ UPW showed significant delay in ice nucleation compared to AgI/UPW as
shown in Figure 3.2. However, considering the ice crystal size, G-g-PVA/AgI/UPW solution
remains cloudy as shown in the Figure 3.2 for more than 2 h without light refraction in the ice
crystal similar to what we can see in the AgI/UPW and PVA/AgI/ UPW samples. This is probably
because of the potent IRI activity of G-g-PVA that inhibits tiny ice crystals from further growth.
The crystal size in Figure 3.2 for PVA/AgI/UPW and G-g-PVA/AgI/UPW is in agreement with
measured MLGS% versus concentration. However, it was difficult to make exact measurement
because of the microscope resolution limitation in determining the grain boundaries. It has been
reported that PVA molecule itself can trigger ice nucleation in the pure water and promotes ice
nucleation in the condition that other INAs are removed from water especially at homogeneous ice
nucleation temperature ranges [125], [126]. However, at temperature -7 °C, PVA/UPW and G-gPVA/UPW did not trigger ice nucleation over more than 2h as shown in the Figure 3.2. This means,
AgI is the only ice nucleator in the condition (temperature and time period) we applied in our
experiments.
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Figure 3.9: AgI (0.1 M0), Polymers (0.1 mg.ml-1). Microphoto assay of ice nucleation in aqueous
solution droplets at -7 °C over time. Microphoto of the UPW (a), AgI dispersion in UPW (b),
PVA solution in AgI dispersion in UPW (c), and G-g-PVA solution in AgI dispersion in UPW
(d), PVA solution in UPW (e), G-g-PVA solution in UPW(f).

The variation in ice nucleation promotion for two polymer (PVA and G-g-PVA) solutions in
AgI/UPW and its possible connection to IRI seems necessary to explore in further detail. Figure
3.3 shows the DSC result for PVA and G-g-PVA (0.1mg.ml-1) solution in AgI/UPW and AgI
dispersion in UPW without polymer by defining the onset point of the exothermic peak in the
cooling cycle as an ice nucleation temperature (TN). We applied a 1 °C /min cooling rate for each
sample in the first cycle. In addition, we applied a 0.1 °C /min cooling rate from -6 to -8 °C to give
enough time in the -6 to -8 °C range to study the cooling rate impact on TN for each sample.
Because of the stochastic nature of ice nucleation process, at least three separate DSC experiments
were applied for each solution to measure the mean TN with modulated cooling rate of 1 °C /min
from +10 °C to -45 °C. Another reason for the TN variation could be the difference in
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crystallography of the AgI particles which cause deviation in the morphology of freeze active sites
in suspension preparation.
In Figure 3.3, the white column shows the average exothermic peak for the samples with 1 °C /min
(0.1 °C /min from -6 °C to – 8 °C) for two different polymer samples and AgI/UPW dispersion.
The change in the cooling rate was significantly effective for the AgI/UPW ice nucleation
temperature and it showed exothermic peak around -7 °C in second cycle. However, changing the
cooling rate between -6 °C to -7 °C did not dramatically change the freezing point for polymer
solutions and in both cooling rate they showed exothermic peak at the same temperature range.
The results showed that the addition of polymers to the AgI/UPW dispersion induces a significant
supercooling condition before the phase transition compared to the AgI/UPW solution alone
(Figure 3.3).
At a given cooling rate, the addition of PVA or G-g-PVA to the AgI solution dramatically
decreased TN because of the supercooling condition as shown in Figure 3.3 which did not happen
in the experiments with isothermal condition. Takkaki [127] et al measured the ice nucleation
inhibition activity of AFPs and PVA in emulsified AgI solutions. They showed that ice nucleation
activity of AgI deactivated by AFP I, AFP III and PVA in emulsified solution because of the
interaction between ANIs and the freeze active sites of AgI particles. In TN measurement using
DSC experiment, the polymer interaction with INAs happens under a supercooling condition, as
compared to the isothermal condition at -7 °C, which shows significant variation in ice nucleation.
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Figure 3.10: a) DSC results for AgI dispersion in UPW (0.1 Mo) without polymer. First cycle
represents the TN at a cooling rate of 1oC/min (except 0.1 C/min from -6 to -8 °C), Second cycle
shows the result for TN at a cooling rate of 1 °C /min for the whole cycle. b) PVA solution (0.1
mg.ml-1) in AgI dispersion in UPW. C) G-g-PVA solution (0.1 mg.ml-1) in AgI dispersion in
UPW. The exothermic onset point defined as a freezing temperature (TN).
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3.3.2 Ice Recrystallization Inhibition
Figure 3.4(a) shows ice recrystallization inhibition activity of the polymers as a percent of mean
largest grain size (MLGS%) measured from the ten largest individual crystals relative to the
average crystal size of the AgI/UPW and PBS buffer. The IRI activity of the polymers reported
over concentration range of 0.001 to 0.01 mg.ml-1 in AgI/UPW and 0.005 to 0.1mg.ml-1 in PBS
buffer. The IRI activity of the PVA and G-g-PVA in AgI/UPW reported in blue and red profile
respectively containing 0.1M0 of AgI as ice nucleating agent. Figure 3.4(b) also shows the splat
assay images of the PVA/AgI and G-g-PVA in AgI/UPW solution in which polymer concentration
is 0.001 mg.ml-1.

Figure 3.11: a) IRI activity of the polymer solutions relative to crystal size in AgI/UPW and PBS
buffer at different concentration. B) The IRI expansion of 0.0 to 0.012 mg/mL concentration
range. C) Splat assay image for AgI in UPW. D) Splat assay image for PVA (0.001 mg. mL-1) in
AgI/UPW and D), G-g-PVA (0.001 mg. mL-1) in AgI/UPW after 60 min at -7.0 °C cold stage.
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G-g-PVA showed strong IRI activity relative to PVA in both AgI/UPW and PBS buffer solution
in all concentrations. In the AgI/UPW dispersion media, the IRI activity for both PVA and G-gPVA was improved significantly as shown in Figure 3.11(a), as compared to performance in PBS
buffer.
Reportedly, the efficient interaction between polymers and ice crystals happens after tiny ice
crystals reach a critical size (10 – 15 µm) [128], [129][130]. This means that after ice nucleation,
there might be many (stable/unstable) tiny ice crystals, but the efficient polymer-ice interaction
does not happen until some degree of ice crystals grow through accretion or water molecules
addition. In the AgI/UPW system, the ice crystals formed around AgI particles are large enough
to be efficiently trapped immediately by polymers to stop from further growth. The large ice
crystals formed by AgI particles can also grow by an Ostwald ripening process through the expense
of smaller ones.
Theoretically, crystal growth in polycrystalline ice systems can follow two different processes:
accretion, in which two ice crystals directly combine to form a single larger crystal, a process that
happens at higher ice/liquid ratio. The other one, which is diffusional growth (Ostwald ripening),
occurs by diffusion of water molecules from smaller (higher chemical potential) crystals to the
larger ice crystals through the liquid phase between ice crystals. Budke et.al [131] studied ice
recrystallization inhibition activity of synthetic analogues of natural antifreeze glycoproteins in
solution at – 8 °C. They found that the total ice volume fraction remains constant after an initial
short time period over entire experiment (2h), confirming that the ice recrystallization
predominantly follows an Ostwald-ripening process after initial short time period during
annealing. Adsorption of polymers to the larger growing ice crystal layer on the AgI particles can
then induce a Kelvin effect (inducing curvature) to start ice recrystallization inhibition earlier
compared to when the same occurs in PBS solution.
How AgI addition increases the IRI activity of the polymers compared to PBS buffer? The
hypothesis is that AgI particles increase the ice nucleation rate at isothermal condition as we
observed using microdroplets and microcapillary tube experiments at -7 °C. In the AgI/ UPW
system, the polymer interaction with the initial ice layer formed on AgI particles can happen
immediately since the water molecules orientation on AgI follows its hexagonal form. However,
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this process can take more time in PBS buffer because of the random morphology of the INAs.
After ice formation in PBS buffer, the ice layer growth follows the random topography of the ice
nucleators which probably does not provide the proper plane for a polymer’s efficient interaction
until a later point. Ice crystal growth on random morphology of the ice nucleators in PBS buffer
can thus proceed for some degree until it finally provides proper ice interfacial morphology close
to hexagonal ice for efficient polymer-ice interaction. Consequently, the polymer-ice layer
interaction in AgI solution happens much quicker after initial ice layer formation on AgI particles
leading to effective and strong IRI activity. However, the more irregularly shaped initial ice
crystals formed from less pristine salt nucleators in PBS buffer do not provide efficient polymerice layer interaction at the beginning of the process.

3.4 Conclusion
Here, the ice nucleation promotion impact on ice recrystallization inhibition activity of poly (vinyl
alcohol) and glycerol grafted derivatives has been studied in detail. RAFT polymerization was
employed to obtain PVA with a defined molecular weight and low dispersity (Mw/Mn). The
glycerol-grafted form was then synthesized using this PVA parent system to directly study the
functional modification impact on antifreeze activity under employed conditions. The polymer
influence on ice nucleation activity of AgI in UPW was studied under isothermal conditions (-7oC)
on both a cryostage and under non-isothermal conditions using DSC. The results revealed a
significant change in ice nucleation rate and temperature by addition of these polymers. A quite
promising result has been observed for G-g-PVA where at isothermal condition it was the first
sample that started ice nucleation whereas the cloudy phase formed in this polymer solution after
few seconds was stable for long time. The addition of AgI to a polymer solution in UPW showed
significant improvement in IRI activity at very low concentrations from 0.001 to 0.1 mg.ml-1. This
shows that ice nucleation promotion at controlled concentration can significantly improve an AF
agent’s IRI activity and it can be considered for potential biological and industrial applications.
Although the synthetic PVA used in this study showed ice nucleation inhibition on AgI through
adsorption onto it, our G-g-PVA polymer did not show significant ice nucleation inhibition.
However, G-g-PVA did show strong adsorption onto the tiny ice crystals by a cloudy phase
formation and highly potent IRI activity at very low polymer concentration. The results from this
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study confirm the idea that a few minutes after ice nucleation Ostwalt ripening is the predominant
mechanism for ice recrystallization as most of the system has already undergone phase transition
to an ice phase, leaving minimal interstitial liquid water for mass transport.
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CHAPTER 4: Colloidal nanoparticles surface functionalized with antifreeze
proteins, peptides, and polyol structures for anti-icing and de-icing

4.1 Introduction

Antifreeze (glyco)proteins (AF(G)Ps) are biological macromolecules developed in living
organisms that can control ice crystal formation and growth to rescue living organisms in harshly
cold climates [131]. Different macromolecules including AF(G)Ps, polysaccharides [132], and
synthetic polymers continue to be widely explored for this function. However, there is no generally
accepted theory to explain ice nucleation inhibition or strong ice recrystallization inhibition that
reportedly comes from irreversible protein binding to growing ice crystal faces [133], [134].
Despite the fact that AF(G)Ps can be found in fish, insects, and plants, the industrial and
biomedical application of these biomacromolecules is limited since large scale production of them
is challenging [4]. Ice formation and recrystallization are major challenges for important societal
applications such as cellular cryopreservation, atmospheric science, and the food industry [135] –
[137].
In nature, some biological macromolecules have the ability to prevent ice from growing at subzero
temperatures [138]. These include (AF(G)Ps), lipopolysaccharides, phenylpropanoids, flavanol
glycosides, and polysaccharides [4], [139], [140]. AF(G)Ps enable cold-adapted organisms to
survive in freezing and subfreezing habitats by reducing the freezing point of their bodily fluids
[141]–[143].
AF(G)Ps have three main effects, including ice recrystallisation (growth) inhibition (IRI), noncolligative depression of the freezing point leading to a thermal hysteresis (TH) gap, and dynamic
ice shaping (DIS) [144], [145]. There is great desire to use these proteins for low temperature
applications for medical, biological, and industrial uses [146], [147]. Yet, AF(G)Ps themselves are
not always suitable for application[148] because of the cost, large scale production, and
instability[149]. Furthermore, there are some other concerns such as potential immunogenicity and
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toxicity [144]. Therefore, exploring synthetic materials that have similar activity has attracted huge
attention [150]. It has been shown that some synthetic mimic polymers have antifreeze properties
that strongly depends to their molecular weight [146]. These polymers perform their function by
inhibiting ice recrystallization, controlling the morphology of ice crystals, and depressing the
freezing point of the solution in a non-colligative manner [151]. Reportedly, synthetic mimics tend
to be less active than natural antifreeze proteins, and their main use is to reduce the size of ice
crystals [147]. Remarkably, poly(vinyl alcohol) (PVA), as a water-soluble polymer is capable of
inhibiting the growth of ice when applied at concentrations above 1.0 mg/ml [152], [153]. To the
best of our knowledge, G-g-PVA is the most potent IRI active polymer which is synthetically
scalable, low cost, with no toxicity and has potential for several formulation and food based
applications [149]. The highest IRI activity of G-g-PVA could be comparable to the shortest
AF(G)Ps [139]. It has been reported that PVA based nanoparticles enhanced IRI activity due to
high local density [155]. To further exploit this hypothesis that a higher local density of iceinteracting groups is advantageous, we explored here the grafting of both PVA and G-g-PVA
chains to the surface of polymeric nanoparticles dispersed in aqueous media.

4.2 Experimental Section

4.2.1 Materials
Styrene (≥ 99%) was purchased from Sigma-Aldrich and was cleaned on an aluminum oxide
column prior to use. Vinyl acetate (D= 0.932 g/cm3) was purchased from Alfa Aesar. Glycidol
(Acros Organic, > 95 %), 2,2’-dipyridul disulfide (>95%) and 2-mercaptoethylammonium
chloride were purchased from Fisher Scientific. Acetic acid, acryloyl chloride, triethylamine,
potassium ethyl xanthogenate, and benzyl bromide were all purchased from Fisher Scientific and
used as received.

4.2.2 Analytical and Physical Methods
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Fourier-transform infrared spectroscopy (FTIR) measurements were performed using a Thermo
Nicolet Is10 FTIR spectrometer in the wavelength region 400-4000 cm-1 at ambient temperature.
UV-Vis spectroscopy was used in a wavelength range between 200 – 500 cm-1.
Proton nuclear magnetic resonance (1H NMR) spectra were obtained in DMSO using a 500 MHz
Varian Mercury Liquid State NMR at room temperature. Chemical shifts are reported in parts per
million (ppm) with tetramethylsilane (TMS) as the internal reference.
Differential scanning calorimetry (DSC) was performed using a Q2000 modulated DSC from TA
Instruments equipped with a RCS90 refrigerated cooler capable of cooling to -90 °C. Samples (10
μL) were prepared at different concentrations as aqueous phosphate buffer saline (PBS)
solutions at pH 7.4 for INI and THA.

4.2.3 Thermal Hysteresis Activity (THA) by DSC
Here we used the method that we previously described in the earlier chapters [149]. Briefly,
aqueous solutions of polymer in buffer and nanoparticle (modified with AF polymers) dispersions
in the buffer were prepared, and 10 mg of each solution were added to an aluminum DSC pan (TA
Instruments). The sample was first cooled to -40˚C and held isothermally for 10 minutes to ensure
the sample was completely frozen. Next, the sample was heated from -40 to 10˚C at a heating rate
of 1˚C/min. This cycle ensures that the samples completely melt and allows for the total enthalpy
of fusion to be captured. After that, the sample was cooled back to -40˚C with a cooling rate of
1˚C/min followed by 1˚C/min heating to gradually higher hold temperatures starting at -1˚C and
increasing by 0.1˚C in subsequent cycles. The heating and cooling cycles progressed until a hold
temperature of +0.5˚C was achieved. The initial heating cycles only melted a fraction of the ice
and holding the temperature isothermally allowed for a steady state to be reached at each hold
temperature. Upon cooling, the exothermic profile of refreezing was captured. The melting and
freezing profiles showed symmetry in early cycles, while later cycles may show freezing
temperatures below the hold temperature. In this case, the depression in the freezing point is
classified as THA.
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4.2.4 Ice Recrystallization Inhibition (IRI) by Splat Assay
To determine the Ice Recrystallization Inhibition (IRI) of the synthesized polymers and modified
nanoparticles with polymers, splat assays were conducted. A homogeneous solution of polymer or
nanoparticles dispersion in PBS buffer (pH 7.4) were prepared at various concentrations. An 18
mm borosilicate glass coverslip (Fischer Scientific) was placed onto an aluminum-covered plate
resting above a liquid nitrogen bath. Ten (10) mL of the polymer solution was dropped from 1.5
m onto the glass slide where the small droplet immediately froze into a thin layer of ice upon
impact. The glass slide was transferred to a Peltier cooled cryostage maintained at -7˚C. Initial
images were recorded using a cross polarizer, and the slide was held isothermally for 60 minutes.
After the crystals were allowed to grow for 60 minutes, new images were captured to determine
the crystal sizes achieved to that point. The mean size of the ten largest crystals from each sample
were selected and determined. Their average size was compared with the mean of the ten largest
crystals from PBS buffer. The IRI was reported as the percentage relative to mean largest grain
size (MLGS) in PBS buffer. An IRI value of 100% indicates that the crystals were the same size
as the crystals in PBS buffer, while smaller MLGS values indicate IRI activity with better
performance the smaller the grain size. The measurements were repeated in triplicate, and the
average value and standard error were reported for each concentration tested.

4.3 Synthetic Approaches

4.3.1 Synthesis and characterization of 2-(pyridyldithio)ethylamine
hydrochloride
2-(2-Pyridinyldithio) ethanamine hydrochloride (PDS-NH2) was synthesized by following the
procedure reported in the literatures [136]. Briefly, 2,2’-dipyridul disulfide (8.7 g) was dissolved
in 40.8 ml methanol at room temperature over 15 minutes and 1.5 ml of acetic acid added dropwise
to the solution. 2-mercaptoethylammonium chloride (2.33 g) was dissolved separately in 20 ml
methanol and added to the to the mixture over 30 minutes by syringe pump stirring at room
temperature Scheme 4.1(A). The reaction was carried out at room temperature over 20 h. After the
62

reaction, the mixture was concentrated at 35 °C to obtain viscose oily matter. Then, the yellow
oily matter was precipitated in 60 ml diethyl ether and recovered by filtration. This process
repeated three times to eliminate impurities. Then, the PDS-NH2 structure was confirmed by 1H
NMR (500 MHz, D2O). δ = 8.30 (1H, aromatic proton ortho-N), 7.68 (1H, aromatic proton metaN), 7.59 (1H, aromatic proton para-N), 7.17 (1H, aromatic proton, ortho-disulfide linkage), 3.17
(2H, -S-S-CH2CH2OH), 2.93 (2H, -SS-CH2CH2OH) Figure A 4.1.

Figure 4.1: 1H NMR analysis of 2-(2-pyridinyldithio) ethanamine hydrochloride (PDS-NH2) by
500 MHz in D2O.
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4.3.2 Synthesis and characterization of (PDSEA)
In this section, (3 g) PDS-NH2 was dissolved in (40 ml) anhydrous THF at room temperature over
20 minutes. Then, (1.5 ml) triethylamine was added to the solution degassed by nitrogen flow.
After nitrogen substitution, 1.56 ml acryloyl chloride in 20 ml THF was added slowly by syringe
pump over 30 minutes to the mixture stirring in an ice bath at –4 °C. After acryloyl chloride
addition, the temperature of the reaction mixture gradually raised to room temperature and the
reaction carried out under nitrogen atmosphere for 20 h; see Scheme 4.1 (B). The product was
concentrated by reducing the pressure at 45 °C. The product was purified by column
chromatography (silica gel in the column) with THF-toluene (20:80 v:v) as eluting solvent and
finally shifted to 30:70. The fraction containing the produced (yellow oil) was determined by TLC
and the eluted solvent evaporated at 45 °C.

Scheme 4.1: Synthetic steps for 2- (pyridyhydrochlorideldithio) ethylamine and 2-pyridyldisulfide
ethylacrylamide (PDSEA).
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PDSEA was confirmed by 1H NMR (500 MHz, DMSO-d6) δ = 8.29 (1H, aromatic proton orthoN), 7.14-7.23 (2H, aromatic proton meta-N and para-N), 6.85 (1H, aromatic proton,
orthodisulfide linkage), 6.16 (1H, vinylic proton, cis-ester), 6.08 (1H, vinylic proton, trans-ester)
5.56 (2H, -S-S-CH2CH2O-), 3.57 ( 2H, -S-S-CH2CH2O-), 3.26( 3H, methyl proton of the
methacryloyl group) Figure A 4.2.

Figure 4.2: 1H NMR analysis of 2-pyridyldisulfide ethylacrylamide (PDSEA) by 500 MHz in d6DMSO.

4.3.3 Synthesis of poly (vinyl acetate)
Vinyl acetate (11.3 g) was purified by distillation and charged to a round bottom flask to degassed
by nitrogen flow over 20 min at room temperature while stirring. S-benzyl O-ethyl carbondithioate
(0.04 g, 0.45 mmol) and 2,2’azobis(2-Methyl–propionitrile) 0.01mg were added to the batch and
sealed with subaseal. The mixture was left to degas under nitrogen flow for another 15 min before
raising the oil bath temperature to 70 °C (Scheme 4.2). Freeze pump was used further to remove all
65

the gases before polymerization. The reaction carried out for 48 h. Poly(vinyl acetate) was
recovered as a sticky viscous oil after precipitation in diethyl ether. Mn = 39773 g/mol calculated
from SEC.
Poly(vinyl acetate) was characterize by 1H NMR (500 MHz, CDCL3) in which δ = 4.88 (1H,
CH2CH(OOCH3), 2.02 (3H, (CH2CH(OOCH3)), 1.75-1.85 (2H, CH2CH(OOCH3)). Mn from 1H
NMR is 16098.51 g.mol-1. FTIR C-H 2936 cm-1, C=O 1735 cm-1, C-O 1377 cm-1 (Figure A 4.4).

4.3.4 Synthesis of poly (vinyl alcohol)
Poly (vinyl acetate) (6 g) was dissolved in 35 ml methanol at room temperature in a round bottom
flask while stirring until fully dissolved. Hydrazine monohydrate solution (3.32 ml in 10 ml DI
water) was added to the mixture stirring at 50 oC in an oil bath for 48 h (Scheme 4.2). After the
reaction, the methanol was evaporated by rotary evaporator and the solution was diluted with DI
water (20 ml) before purification by dialysis. At the end, the product was lyophilized, and the poly
(vinyl alcohol) was discovered as a white powder.
Poly (vinyl alcohol) was characterized by 1H NMR (500 MHz, D2O) in which δ = 3.8 – 3.5 (1H,
CH2CH(OH), 1 – 1.3 (2H, (CH2CH(OH)). FT-IR O-H 3100 - 3500 cm-1, C - H 2917 cm-1, C-O
1286 cm-1 (Figure A 4.4).

Scheme 4.2: Poly (vinyl acetate) synthesis and hydrolysis using hydrazine and sodium
hydroxide to obtain poly(vinyl alcohol).
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4.3.5 Poly (Vinyl Alcohol) functionalization with Glycidol
PVA (0.302 g) was dissolved in 30 ml DI water by starring at 60 °C for 2 hours. Sodium hydride
(0.5M) was added to the solution followed by controlled addition of glycidol (0.724 g in 5 ml DI)
at rate of 1 ml/h using syringe pump. The reaction mixture was stirred in a round-bottom flask at
70 °C for 24 h followed by addition of 0.2 ml HCl (3.0N) (Scheme 4.3). The product, glycerolgrafted-PVA (G-g-PVA), was concentrated by rotary evaporation followed by slow addition into
20 mL diethyl ether (cooled over dry ice) to precipitate and further purified by dialysis using a
Spectra/Pro regenerated cellulose dialysis tube (3.5 kDa MWCO) in DI water for 3 days (DI water
was exchanged three times to remove impurities) followed by freeze drying to get G-g-PVA
product as a powder.
G-g-PVA was characterized by 1H NMR (500 MHz, D2O) in which δ = 3.8 – 3.5 (1H, CH2CH(OH),
1.3 – 1.7 (2H, (CH2CH(OH)) (Figure A 4.6).

Scheme 4.3: PVA modification with Glycidol (G-g-PVA)

4.3.6 Ab Initio In-Situ Seeded Emulsion Polymerization
Latex particles were synthesized using an ab initio emulsion polymerization followed directly by
semi-batch seeded emulsion polymerization. The emulsion reaction recipe is shown in Table 4.1.
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DI water was first boiled to remove any dissolved oxygen and was then cooled to room
temperature. The boiled DI water, SDS, and styrene were then added to a 3-neck jacketed glass
reactor equipped with a nitrogen inlet, a 70 °C water bath, a condenser, and a magnetic stir bar.
After adding the SDS and styrene, the system was stirred for 30 minutes to allow for equilibrium
to be reached. A solution of KPS was then added to the system, and the reaction was allowed to
proceed for 30 minutes prior to feeding. Over the next 430 minutes, 12.30 mL of styrene was added
to the reactor via a syringe pump at a rate of 1.717 mL/hour. After the feeding was complete, the
reaction was allowed to continue for one additional hour (Figure 4.1 A). Finally, the water bath
was cooled from 70 °C to around 25 °C to stop the reaction. Samples were taken at predetermined
times and subjected to gravimetric analysis to monitor the kinetics and solid content of the reaction.

Table 4.1: Contents used for latex particles synthesis using emulsion polymerization
Amount (g)mount (g)
Water

93.26

SDS

0.7326

KPS

0.2734

Styrene

12.36

4.3.7 Semi-Batch Seeded Emulsion Polymerization
Seed particles were grown through a seeded semi-batch emulsion polymerization at 70 °C. The
recipe for the ab initio emulsion is shown in Table 4.2. DI water was first boiled to remove any
dissolved oxygen and was then cooled to room temperature. The boiled DI water, SDS, KPS, and
seed latex were then added to a 3-neck jacketed glass reactor equipped with a nitrogen inlet, a 70
°C water bath, a condenser, and a magnetic stir bar. The styrene and PDSEA was fed into the
reactor at a rate of 3.48 mL/hr over the course of 240 minutes. After the monomer feed was
competed, the reaction was allowed to run for an addition 270 minutes to allow for monomer
incorporation (Figure 4.1 B). The temperature of the reactor was cooled from 70 °C to room
temperature and the reaction was terminated. The total reaction time was 540 minutes. Samples
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were taken at predetermined times and subjected to gravimetric analysis to monitor the kinetics
and solid content of the reaction. The final solid content for this reaction was 18.33% with a percent
conversion of 95.71%.

Table 2: Contents used for seed particles grown through a seeded semi-bath emulsion
polymerization at 70 °C
Amount (g)
68.195
44.32
0.4995
0.2196
12.29
0.31

Seed Latex
Water
SDS
KPS
Styrene
PDSEA

Table 3. Recipe for the semi-batch seeded emulsion of poly(styrene-co-PDSEA) particles.

Figure 4.3: Synthetic routes for latex nanoparticle synthesis using emulsion polymerization.
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4.3.8 Latex Particle Size Characterization
The particle size of the latex samples was determined by capillary hydrodynamic fractionation
(CHDF) on a CHDF 2000 from Matec Applied Sciences. Particles are separated using gradient
fluid velocities in a capillary tube. Larger particles are subjected to the fluid in the center of the
capillary, which has a higher velocity than the fluid on the sides of the capillary, causing larger
particles to exit the capillary earlier than smaller particles. After exiting the capillary, the particles
are quantified by a UV detector. Based on a standard curve and the difference in eluent time of a
standard solution (sodium benzoate), the size of the particles can be determined. The standard
curve is created with 61 nm, 81 nm, 125 nm, 203 nm, and 345 nm poly(styrene) standards
purchased from Thermo Scientific. Samples were prepared in a 2mL vial in which three drops of
the latex sample were diluted with DI water.
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Figure 4.4: CHDF results for grafted and unmodified nanoparticles. Unmodified particles have
an average diameter of 75 nm while the grafted particles show a more disperse average diameter.

4.3.9 Nanoparticles modification with PVA
Poly (vinyl alcohol) was conjugated to the latex nanoparticles by dissolving 50 mg PVA in 15 ml
glycine-OH buffer (50mM, pH 8.3) followed by adding 2 ml cleaned latex to the solution starring
in the round bottom flask at room temperature. The reaction was carried out for 24h before
centrifuging at 13k RPM at 4 °C to precipitate the nanoparticles and separate ungrafted PVA
polymer. PVA conjugation to the nanoparticles was also monitored by UV-Vis. After the grafting
reaction, the solution was centrifuged, and a 0.5 ml aliquot was taken from the mixture and then
diluted to 5 ml. The UV-Vis spectrum was recorded at 340 nm as shown in Figure 4.2 to measure
the concentration of released 2-mercaptopyridine. The total concentration of the 2mercaptopyridine in the buffer solution was calculated using a calibration curve prepared by
standard concentrations of 2-mercaptiopyridine in the same solution media. The precipitated
nanoparticles were re-dispersed in 10 ml PBS buffer.
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Figure 4.5: Nano particle modification with poly (vinyl alcohol) in glycine-NaOH buffer (pH
8.8) solution at room temperature. Polymer grafting to the nanoparticles was characterized by
measuring concentration of 2-mercaptopyridine released into the supernatant (UV-Vis, 340nm).

4.3.10 Nanoparticle surface functionalization with G-g-PVA
G-g-PVA was conjugated to the latex nanoparticles by dissolving 0.218 g G-g-PVA in 15 ml
glycine-OH buffer (50mM, pH 8.5) followed by adding 2 ml cleaned latex nanoparticles to the
solution stirring in a round bottom flask at room temperature (Figure 4.3). The reaction was carried
out for 24h before centrifuging at 13k RPM at 4 °C to precipitate the nanoparticles and separate
unreacted G-g-PVA polymer chains.
G-g-PVA conjugation to the nanoparticles also confirmed by UV-Vis. After reaction the solution
was centrifuged, and 0.5 ml aliquot was taken out from the mixture and then diluted to 5 ml. The
UV-Vis spectrum was recorded at 340 nm to measure the concentration of 2-mercaptopyridine
(Figure 4.5).
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Figure 4.6: Nanoparticle modification with G-g-PVA in glycine-NaOH buffer (pH 8.8) solution
at room temperature. Polymer conjugation to the nanoparticles was characterized by measuring
the 2-mercaptopyridine concentration released into the supernatant by UV-Vis at 340 nm.

4.4 Results and Discussion
Multivalent hybrid polymer coated latex nanoparticles were prepared to mimic antifreeze protein’s
activity in the solution. RAFT polymerization was applied using xanthate chain-transfer agent to
synthesize well defined poly (vinyl acetate) (Scheme 4.2). Vinyl acetate was polymerized by
RAFT controlled polymerization using S-benzyl O-ethyl carbondithioate as chain transfer agent
and AIBN as initiator. The resulting poly (vinyl acetate) was characterized using 1H NMR
spectroscopy, FT-IR spectroscopy, and SEM (size exclusion chromatography). PVAc was then
hydrolyzed to PVA using hydrazine and sodium hydroxide by cleavage of the acetate groups. FTIR and 1H NMR were used to confirm the removal of the methyl acetate group (Figure A 4.5 and
A 4.5).
Latex nanoparticles (d = 65 nm) were prepared using styrene monomers in first stage and a mixture
of styrene and PDSEA as monomers for the second stage growth using seeded semi-batch
emulsion polymerization. PVA and G-g-PVA were conjugated to the latex nanoparticles using
dithiol bond formation in glycine buffer (pH 8.8), and the excess unconjugated polymer was
removed using centrifugation. Nanoparticles surface functionalization with polyol functional
polymer chains were confirmed by the change in hydrodynamic diameter of the nanoparticles. In
addition, we used UV-Vis spectroscopy to measure the 2-mercaptopyridine concentration released
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from during surface modification (Figure 4.5) and exchange of the disulfide bonds (Figure 4.7).
Antifreeze polymer-coated nanoparticles were designed to study the macromolecular architecture
change impact on IRI and THA activity along with enabling the possibility of designing antifreeze
coating.
Splat assay instrument used to measure the IRI activity of PVA/NP and G-g-PVA/NP in PBS
buffer. Ice crystal growth was studied by measuring the growth of polynucleated ice crystals at -7
°C over 60 minutes using the protocol described earlier [149].
The IRI activity for the polymer conjugated nanoparticles and polymers in the solution were
reported in Figure 4.6 as a mean largest grain size (MLGS) relative to the PBS (pH=7.4) in which
the smaller MLGS value indicate smaller ice crystals in strong IRI active polymers. It was
previously reported that gold nanoparticles modified with PVA did not show significant
improvement in IRI activity compared to the linear PVA in PBS buffer because of the instability
of the AU-PVA nanoparticle in the solution [139]. However, the nanoparticle-based systems we
designed are colloidally stable and appropriate for exploring their antifreeze properties.
G-g-PVA showed very strong IRI activity especially in solution, reinforcing that this is the most
potent synthetic IRI active polymer reported to date [149]. For the AF-NPs, the IRI activity showed
improvement for NP-PVA to some degree but only minor improvement (compared to solution
activity) was observed for the NP-G-g-PVA nanoparticles. The parent G-g-PVA polymer alone in
solution still showed the highest IRI activity of all samples tested. One observation from this is
that performance of NPs modified with AF functional polymers varied with polymer types and
molecular weight. PVA showed higher interaction with NPs compared to the G-g-PVA at the same
concentration and NPs ratio (Figure 4.8). The IRI activity of the polymers at higher concentrations
both in solution and as functional NPs was identical and this can be promising for designing
antifreeze coating with deicing property.

74

Figure 4.7: Nanoparticle modification with polymers was confirmed by measuring the 2mercaptopyridine concentration in the buffer at 340 nm. Glycine - NaOH buffer (pH 8.8) was
used as a blank for these measurements.

Figure 4.8: Ice recrystallization inhibition activity of the polymers in PBS buffer (open markers)
solution and NPs modified with polymer dispersions in PBS buffer (solid markers). PBS buffer
(pH 7.4) was used as a reference for all the measurements.
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4.5 Thermal hysteresis activity (THA)
DSC has been used to measure the thermal hysteresis (a non-colligative freezing point depression)
activity for the polymers and NP-polymers in PBS buffer solution. Reportedly, THA depends on
the antifreeze macromolecule’s ability to bind to either the prism or basal planes of the ice crystals.
Therefore, a polymer’s structure, ability to adapt to various conformations for optimum binding,
and hydroxyl group orientation each play important roles in THA. G-g-PVA showed highest TH
activity in solution among all polymers reported thus far and it has been shown that THA is not
considered unique to antifreeze proteins [146]. Np-G-g-PVA did not show strong THA activity as
the parent G-g-PVA alone in solution confirming the structural uniqueness of G-g-PVA for TH
activity (Figure 4.9).
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Figure 4.9: Thermal hysteresis activity of the PVA (A), G-g-PVA (B), NP-PVA (C) and NP-Gg-PVA (D) in PBS buffer measured by DSC. G-g-PVA (B) in the solution shows the best
performance in THA compared to NP modified form and to PVA samples.

In our previous report we showed that G-g-PVA can outperform the AFP (Anatolica polita desert
beetle Trx-ApAFP752) in THA at the equivalent concentration (189 µM) in PBS buffer because
of efficient G-g-PVA and ice crystal interaction [149]. From our results, G-g-PVA (Mn 32 kD)
showed the best THA (1.17 ± 0.1) ever reported for antifreeze polymers. PVA and G-g-PVA
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conjugated on the nanoparticles did not show significant TH activity likely due to the lower
nanoparticle mobility compared to soluble polymer chain in solution.

Specific classes of AFPs are super active in IRI and they show TH activity. The TH activity of
these AFPs is linked to their ability to bind to both prism and basal planes of ice crystals. However,
in regular AFPs with less or no THA, the efficient interaction happens only with the prism plane
of ice. In our polymers, PVA interacts mostly with the prism plane of ice and is likely why it does
not show effective TH activity compared to G-g-PVA which we strongly suspect to interact with
both the prism and basal planes ice leading to such strong TH activity [146]–[149].

4.6 Conclusion
In this study we demonstrated synthesis and characterization of poly(vinyl alcohol) using RAFT
polymerization and G-g-PVA synthesis via reaction of PVA with glycidol. In addition, we showed
latex nanoparticle synthesis and its surface modification with either PVA or G-g-PVA. The results
showed that nanoparticles modified with antifreeze polymers still retain excellent ice
recrystallization inhibition activity. However, G-g-PVA shows both stronger IRI and THA activity
in solution compared to when conjugated to a nanoparticle surface. We hypothesize that the
grafting of G-g-PVA likely restricts the polymer’s mobility and diffusion rate for efficient
interaction with both prism and basal planes of ice crystals. The significant decrease in TH activity
of the G-g-PVA when it is added to the nanoparticles is consistent with this hypothesis.

The results from this study will guide to better understand the dimensional change impact on
antifreezing activity of macromolecules to develop more potent next generation IRI active polymer
systems. Moreover, this study shows promising results for the design of antifreeze coatings as the
modified nanoparticles indeed still retained impressive IRI activity.
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CHAPTER 5: Cryopreservation of Red Blood Cells Assisted by IceRecrystallization Inhibiting Polymers

5.1 Introduction
Hypothermic preservation of red blood cells (RBCs) helps blood banking to preserve blood supply
for short time duration (e.g. 42 days) which can lead to blood supply shortage in emergency
situations [159], [160]. Cryopreservation has been reported as the most common method for RBCs
and other cells long-term storage. Nevertheless, ice crystal growth during the cryopreservation can
irreversibly damage cells which significantly reduce cells viability [161]. Ice formation and growth
during cryopreservation can lead to mechanical damage on a cellular level. In addition, osmotic
shock that happens as the intra or extracellular concentration of solutes changes during ice crystal
growth presents an addition route to cell damage [162]. These are reported as key challenges for
the cryopreservation of cells, tissue, or any other biological materials.

Organisms living at subzero temperature can develop antifreeze (glycol)protein (AF(G)P which
can depress the water freezing point by the mechanism know as thermal hysteresis (TH) and inhibit
ice crystal growth enabling them to survive against freezing. However, the application of these
proteins for cryopreservation shows some limitations including low availability, complicated
process in obtaining from bacterial recombination expression, and difficulties in generation of
synthetic analogs. There are also some conditions where AFGPs have been found to be toxic to
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living cells, plus immunogenic response from host cells make it impossible to apply then for
cryopreservation [163], [164].

Because of the limitation mentioned above, current cryopreservation methods mostly rely on
cryopreservation solutions including dimethyl sulphoxide (DMSO), glycerol, trehalose, and/or
propylene glycol. However, complicated and time-consuming post-thaw desolvation procedures
are necessary to ensure cryoprotectant concentrations are reduced to less than 1% prior to
transfusion to prevent post-transfusion intravascular hemolysis. In addition, cryoprotective
solutions which require higher concentration (typically above 20wt%) to achieve sufficient cell
recovery can cause intrinsic toxicity for most other cells. Therefore, it has been suggested that
compounds exhibiting ice recrystallization inhibition (IRI) activity are likely good candidates to
address these issues in cryopreservation of cells or organs [165], [166]. In this chapter, nonpenetrative and removable PVA and G-g-PVA with potent IRI activity have been used for RBC
cryopreservation at -80 oC. These polymers are biocompatible and can be applied for the
cryopreservation of several cell types or organs. These two polymers used either in solvent free
condition or as a mixture with glycerol at 10wt%, showed that the addition of PVA can improve
RBC post-freeze recovery percent up to 40%. More impressive to note, the G-g-PVA systems
showed dramatically improved RBC post-thaw recovery, especially when applied without glycerol
present.

5.2 Methods

5.2.1 Preparation of polymer solutions
PVA (21.7 kDa, 100% hydrolysis) and G-g-PVA (35.9 kDa) were synthesized using RAFT
polymerization described in Chapter 4. Glycerol was purchased from Sigma-Aldrich and used as
received. Polymer solutions with and without glycerol were diluted in PBS buffer to the final
concentration that was required.
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5.2.2 Blood Smear
Blood smears were undertaken by optical microscope imaging of samples before and after the
cryopreservation to determine the number and shape of the RBC cells. 5 µl of the samples were
dispersed on the glass coverslip and transferred to under microscope after it dried. After taking the
images, Image J (https://imagej.nih.gov/ij/) was used to analyze the RBC images to explore RBC
shape changes before and after; changes in shape were suggestive of poor recovery.

5.2.3 RBC Hemolysis Measurement and Cell Recovery Calculation
20 µl aliquots of the desired RBC samples were added to 200 µl PBS and centrifuged (1000 g, 15
min, 4 oC) to precipitate intact cells. 10 µl of the supernatant was then added to the 100 µl of PBS
buffer in a well plate UV-Vis was used to measure hemoglobin absorption to calculate the
hemolysis and cell recovery percent. Samples with full hemolysis were prepared using osmotic
shock by adding 400 µl DI water to the desired RBC dispersions. Cell recovery was calculated by
subtracting the measured hemolysis from 100 (%) [167].

5.2.4 Cryopreservation of RBCs with PVA and G-g-PVA with/without
Glycerol
400 µl aliquots of prepared RBC samples were added to 600 µl of the polymer samples
with/without 10 wt.% glycerol in the PBS buffer. All the samples then were mixed using inversion
incubation for 10 minutes at room temperature. Each sample was transferred to a mechanical
freezer to cool to -80 °C at a rate of 1 °C /min and then stored at -80 °C for 30 minutes. After
cryopreservation, samples were thawed at 35 °C before analysis to measure the hemolysis ratio.
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5.3 Results

5.3.1 Ice recrystallization inhibition impact on RBC recovery
Human red blood cells were tested for the cryopreservation at -80 °C using 10 wt.% glycerol as a
conventional organic cryoprotective agent to show the challenges associated in using low
concentration of vitrification agents. The results showed significant RBC hemolysis (Figure 5.3
and Figure 5.4) confirming higher concentration would be required (> 40wt%) for efficient cell
recovery. Yet, higher concentration would bring other challenges such as toxicity and complicated
post-thaw cleaning process.
To explore the cytocompatibility, RBC cells were incubated in PVA (10 mg.ml-1) and G-g-PVA
(10 mg.ml-1) solutions with/without glycerol at 4 °C over 5 days. The results did not show
significant hemolysis confirming the biocompatibility of these polymers for RBCs (Figure 5.1).
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Figure 5.1: Polymers cytocompatibility test for RBC with and without glycerol (10 %) over 5
days incubation at 4 °C.

To study PVA and G-g-PVA as AF(G)P- biomimetic cryoprotectants, and with comparable IRI
activity, a quantitative assay was used to show the ice recrystallization inhibition activity of these
polymers following the procedure applied in previous chapters. PVA and G-g-PVA showed strong
IRI activity (Figure 5.2) at concentrations as low as 0.01 mg.ml-1 compared to the PBS buffer as a
reference.
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Figure 5.2: Ice recrystallization inhibition activity of the PVA (black squares) and G-g-PVA (red
circles) measured by splat assay at -7 °C over 60 minutes annealing.

5.3.2 Cryopreservation of human RBCs assisted by IRI active polymers
Cryopreservation of RBC samples dispersed in polymer solutions with and without glycerol was
performed using a slow cooling rate protocol (1 °C /min until -80 °C). The results showed
improvement in RBC recovery percent by applying PVA at high thawing temperature compared
to the 10% glycerol solution (Figure 5.3). However, the RBC recovery showed significant
improvement (> 92 %) by applying G-g-PVA at the same experimental condition applied for PVA
and glycerol alone; especially at 20 mg.ml-1 concentration (Figure 5.4). At lower thawing
temperature, the recovery percent was lower because of the ice recrystallization during the thawing
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process which leads to mechanical or osmotic shock to the cells. The ice recrystallization during
thawing has been reported as a problematic issue in tissue or organ cryopreservation as well [165].

Figure 5.3: Cryopreservation of RBCs with 1 °C /min cooling rate at -80 °C using PVA with and
without glycerol for 30 minutes.

The RBC recovery improvement was remarkable considering the low concentration of G-g-PVA
(10 mg.ml-1) with and without glycerol which was challenging to remove before transplantation
process. This observation was exciting and suggests that efficient ice crystal growth inhibition
alone might be a strong method to increase cell viability and can be used as an alternative or
supplementary method for current cryopreservation techniques.
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Figure 5.4: Cryopreservation of RBCs with 1 °C /min cooling rate at -80 °C using G-g-PVA with
and without glycerol for 30 minutes.

Studying polymer concentration impact of RBC recovery showed a bell-shape relationship. We
speculate that this can be because of the increase in solution viscosity that occurs at higher
concentrations (> 20 mg.ml-1) and does not allow for uniform dispersion of RBC in the preparation.
In addition, during a slow cooling rate, solution viscosity can promote RBC separation from the
polymer solution which can experience mechanical damage from ice crystal growth. PVA has been
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reported to show ice crystal shaping at higher molecular weight (>25 kDa) and concentration
which also can cause cells damage in post-thawing process [57].

5.4 Conclusion
This chapter demonstrates preliminary data in the application of polymers with strong ice
recrystallization inhibition activity to red blood cell cryopreservation. These polymers, PVA and
G-g-PVA, act similar to AF(G)Ps in halting ice crystal growth, especially during annealing and
thawing to reduce mechanical damage to cells. Polymers were studied alone and in combination
with glycerol, a known cryoprotective agent, to study both mechanical and osmotic stress change
impact on RBC viability. Cytotoxicity tests confirmed the biocompatibility of these polymer alone
and in combination with glycerol to the RBC cells over 5 days incubation. The addition of 2-20
mg.ml-1 PVA to the 10 wt.% glycerol in PBS buffer solution showed improvement in RBC
recovery up to ~33%. G-g-PVA, however, showed significantly greater RBC recovery especially
at concentrations ranging from 10 to 20 mg.ml-1; especially when utilized alone. This was
particularly promising because G-g-PVA is large enough not enter to the RBC which facilitates
easier cryoprotectant removal post-thawing, as compared to small molecule cryoprotectants which
may also enter the cells. The cryoprotectant removal process prior to transplantation is considered
one of the largest challenges in cryopreservation and here we demonstrated that it is possible to
reduce or even eliminate the small molecules such as glycerol from cryopreservation process and
make solvent free cryopreservation using polymer instead. These finding highlight that by
designing bioinspired polymers it is possible to improve RBC (and likely other cells)
cryopreservation with the aim of developing solvent free (small cryoprotective agents)
cryopreservation systems to solve remaining challenges in biopreservation medicine.
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APPENDIX A

Additional Data on Thermal Hysteresis Activity (THA)

Figure 0.1: Full differential scanning calorimetry (DSC) method output for analysis of THA.
Both the INI analysis and THA analysis can be performed simultaneously where the inset zoom
image of the heat flow profiles shows the specific cycles relevant to the THA assay.
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PVA functionalization with Glycidol.

Figure 0.2: 1H NMR spectra recorded in d6-DMSO for G-g-PVA.
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Additional Data on Ice Recrystallization Inhibition (IRI)

Figure A 0.3: Ice recrystallization inhibition data from Figure 3 (in the main text) versus molar
concentration
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Figure 0.4: Impact of cooling rate on INI for ethanol. Arrows indicate the supercooling onset of
exotherm for ethanol when employing a 2 C/min linear cooling rate (-41.92 C), 1 C/min linear
cooling rate (-40.06 C), and a 1 C/min “stepwise” cooling rate/process with a 10-minute
isothermal hold between each 1C incremental step (-38.95 C)
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Polymerization of isopropenyl acetate and functionalization by glycidol.

Figure A 0.5: Reaction sequence for the synthesis of G-g-PIPOH.
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Figure 0.6: FTIR spectra of PIPAc, PIPOH, and G-g-PIPOH
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Figure 0.7: 1H NMR spectra recorded in d6-DMSO for (A) PIPAc and (B) G-g-PIPOH

103

Modification of PAA and PMAA with glycidol.

Figure 0.8: Synthetic pathway for modification of PAA with glycidol.

Figure 0.9: FTIR of PAA vs G-g-PAA (left) and PMAA vs G-g-PMAA (right)
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Figure 0.10: 1H NMR spectra recorded in d6-DMSO for (a) G-g-PAA and (b) G-g-PMAA
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Additional Data on Ice Nucleation Inhibition (INI)

Figure 0.11: Ice nucleation inhibition versus molar concentration
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Figure 0.12: Impact of cooling rate on INI for PVA (pink) and G-g-PVA (green). Inset of the
supercooling onset exotherms for PVA at A) 2 °C /min linear cooling rate (-24.42 °C), B) 1 °C
/min linear cooling rate (-18.17 °C), and C) 1 °C /min “stepwise” cooling rate with 10-minute
isothermal hold between each 1 °C step (-16.86 °C). The same respective sets of exotherm versus
cooling rate/process for G-g-PVA (in green profiles) are -27.36 °C, -27.26 °C, and -25.01 °C
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Table A 1. Heterogeneous ice nucleation temperature variation with cooling rate for the
polymer solutions (25.0 mg.ml-1). Continuous linear cooling with 1 °C/min cooling rate [C1],
Continuous linear cooling with 2 °C/min cooling rate. [C2], Stepwise-cooling method with 10minute isothermal hold between each 1C step [CS].

Sample
PVA

TN (C) [C2]
-24.42

TN (C) [C1]
-18.17

TN (C) [CS]
-16.86

G-g-PAA

-22.23

-19.56

-19.01

G-g-PVA

-27.36

-27.26

-25.01

G-g-PMAA

-18.58

-15.59

-15.00

G-g-PIPOH

-23.61

-23.40

-22.72
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APPENDIX B

Scheme A 3.7: Synthesis route for the modification of PVA with Glycidol.
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Figure 0.1: Microphotographs of the aqueous droplets freezing assay at -7 °C over time on the
glass slides. UPW-13:05s (a), AgI in UPW - 00.10s (b), KPS Buffer-3:14s (c), PBS Buffer1:57s(d).
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Figure 0.2: Microphotographs of the aqueous droplets freezing assay at -7 °C over time on the
glass slides covered by silicon oil. a) AgI in UPW started freezing after 0:59s. b) PVA solution
in AgI/UPW dispersion takes (1:37s) to start nucleation at -7 C.
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Figure 0.3: DSC results for AgI dispersion in UPW (0.1 Mo) without polymer. First cycle
represents the Tf at a cooling rate of 1 C/min (except 0.1 C/min from -6 to -8 C), Second cycle
shows the result for Tf at a cooling rate of 1 C/min for the whole cycle. The exothermic onset
point defined as a freezing temperature Tf.
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Figure 0.4: DSC results for PVA solution (0.1 mg/ml) in AgI dispersion in UPW (0.1 Mo). First
cycle shows the Tf at a cooling rate of 1 C/min (except 0.1 C/min from -6 to -8 C), Second
cycle shows the result for Tf at a cooling rate of 1 C/min for the whole cycle. The exothermic
onset point defined as a freezing temperature Tf.
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Figure 0.5: AgI (0.1 M0), Polymers (0.1 mg.ml-1). Microphoto graph of ice nucleation in
aqueous solution droplets at -7 C over time. UPW (a), AgI in UPW (b), PVA solution in
AgI/UPW (c), and G-g-PVA solution in AgI/UPW (d), PVA solution in UPW (e), G-g-PVA
solution in UPW(f).
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APPENDIX C

Figure 0.1: 1H MNR spectra for RAFT agent.
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Figure 0.2: 1H NMR spectra for PVAc and PVA
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Figure 0.3: FT-IR spectra for PVAc and PVA
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Figure 0.4: 1H NMR spectra for G-g-PVA.
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